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ABSTRACT

Miniature heat exchanger concept is gaining popularity in automotive and other
industrial applications due to enhanced heat flux, light weight, and larger heat transfer
area density compared to conventional heat exchangers. Heat transfer and flow
characteristics of different viscous liquids, such as engine oil, automatic transmission
fluid, 50% ethylene glycol, and Deionized water were numerically analyzed through a
multi-port serpentine minichannel heat exchanger (MICHX). Hot liquids of different flow
rates at constant temperature of 76°C were cooled by a constant air temperature of 14°C
and flow rate of 507g/s. The heat transfer performance of engine oil was found poor
compared to other fluids. Pressure drop in MICHX for engine oil was also found
extremely higher compared to water. However, the distribution of temperature, mass flow
rate, and heat transfer rate in each channel is more even for high-viscosity fluids
compared to low-viscosity fluids. The entrance region effects in thermal and flow fields

for high-viscosity fluids were observed negligible.
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CHAPTER 1
INTRODUCTION

Researchers are very concerned regarding two important issues, namely energy
and environment. Therefore, production and proper utilization of energy is the key to
sustainable cost-effective development. The sources of energy, such as wind,
hydroelectric, solar, biomass, geothermal, uranium (for nuclear power generation), coal,
and ocean energy, are available in large quantities. However, the reserves of energy
sources have been diminished day by day due to its continuous usages in domestic,
industrial, and other sectors in everyday life. The highest impact on environment of any
human activity has been made by the supply and implementation of energy that is the
fundamental importance to society. Even though, energy and environment concerns were
initially associated with local character, such as extraction, transportation, or noxious
emissions, they have now extended to face national, regional, and global issues, such as

acid rain and the greenhouse effect.

1.1 Background

One of the most important fields of energy is heat, which has a wide application
in power generation, automotive and HVAC industries, nuclear industries, aerospace
application, space research, marine and mining applications, chemical processing,
petroleum, and many other areas. When heat energy is in use, heat transfer occurs either
in heating or in cooling mode due to the temperature differences in the physical systems.
Heat transfer is the most widespread phenomenon in various real world applications in
energy conversion, transmission, and consumption. Appropriate devices allow easy heat

transfer. Heat exchangers are the devices that exchange heat energy between two or more
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fluids at different temperatures and in thermal contact in order to remove or to add heat as
quickly as possible. In many heat exchangers, two fluids are separated by a wall through
which the heat transfer occurs. Heat transfer can be defined as the transport of thermal
energy from a hotter object to a cooler object. Some of the examples about heat
exchangers are cooling towers, evaporators, condensers, car radiators, and pre-heaters.

Heat exchangers can be classified based on the working principles, geometry of
construction, heat transfer mechanisms, fluid flow arrangements, and transfer processes.
They can also be classified based on sizes and surface area to volume ratio. Based on
channel dimensions, especially the characteristic length or hydraulic diameter, two main
classification schemes are available in open the literature. One scheme was proposed by
Mehendale et al (2000) as microchannels (D, = 1um~100um), meso-channels (D, =
100um~1mm), compact (D, = Ilmm~6mm), and conventional passage (D;, > 6mm).
Another scheme was proposed by Kandlikar et al (2006) as conventional channels
(Dy, > 3mm), minichannels (3mm = D;, > 200 pm), microchannels (200um > D, >
10um), transitional Microchannels (10um = D > 1um), transitional nanochannels
(1um = Dy, > 0.1um), and nanochannels (0.1um > D). The heat exchanger used in the
current study is classified as a mini-channel heat exchanger (MICHX) according to S. G.
Kandlikar (2006) as the diameter of each channel falls within the range of 200um to
3mm.

The MICHX used in the current study is built up by multi-port flat slab. There is
no gap in between adjacent channels for fluid interaction. Flat heat transfer surfaces at the
top and the bottom faces of each slab offer the air flow an excellent contact with the

heating surfaces, which leads to elevated heat transfer over the conventional heat
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exchangers of isolated tube rows. Flow, in a cross-flow orientation, over tubes in inline or
staggered arrangement, which is widely used in many conventional heat exchangers
applications forms a wake region at the rear of each tube when fluid is flowing over the
tube. Where as, the effects of wake region behind the channels are very insignificant
when air flows over the multi-port MICHX slab. Figures 1.1 and 1.2 illustrate the

differences between tubes and monolithic channels structures inside heat exchanger core.

#
-

Figure 1.1. Circular tubes flow passages in heat exchanger core

Figure 1.2. Circular channels inside the MICHX slab
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Research and development in technology have been substituting existing
equipment with lightweight, smaller, portable, thinner, and faster devices. Nevertheless,
in fluid mechanics, these technological research and developments have need of more
compact thermal solutions. As a result, the air conditioning industries have been
experiencing continuous challenges to obtain higher efficiency levels and greater
equipment reliability. However, these challenges become more difficult to meet the
energy efficiency when the goal is simultaneously to reduce equipment size, and limit the
cost (Keogh, 2007). In the past, manufacturers were used to meet the efficiency levels by
improving and increasing the overall heat transfer area of the individual components,
such as compressors, condensers, and evaporators (Ozdemir, 2009). Once Tuckerman and
Pease (1981) first introduced a high-performance heat sink for a very-large-scale
integrated (VLSI) circuits to remove heat from electronic circuits quickly and effectively,
miniature heat exchangers became an emerging and innovative method in thermal
applications.

Nowadays, in many specialized areas, such as microelectronics, robotics,
aerospace, biomedical, and automotive applications, miniature heat exchangers with
viscous fluids are widely used (Dehghandokht et al., 2011). Miniature heat exchangers
have been becoming popular in engineering and industrial applications because of its
enhanced heat transfer flux, light weight, larger heat transfer area density, less pollutant
emission, less energy consumption, and increased reliability when compared to other
traditional methods of heat exchange (Khan and Fartaj, 2011).

A wide range of studies have reported experimental results of heat transfer and

fluid flow on meso-channel, mini-channel, and micro-channel heat exchangers or heat

Mohammed Ismail. M. A. Sc. Thesis 2012. Dept of Mechanical Automotive and Materials Engineering, University of Windsor, Canada 4



Numerical Investigation on Heat Transfer and Fluid Flow Behaviors of Viscous Fluids through Minichannel Heat Exchanger

sinks. Although non-circular cross-section in narrow size heat exchangers or heat sinks
are available in open literature as provided in, the study of a full-size heat exchanger
with narrow-circular channels in multi-port flat slabs with serpentine bend is still rare.
Many researchers have studied different heat transfer and fluid flow characteristics
through narrow channel heat exchangers and compared with conventional ones in recent
years.

Many investigations on different liquids including water and ethylene glycol-
water mixture in narrow channel heat exchangers are performed in recent years. Harms et
al. (1999) presented experimental results for single-phase forced convection in deep
rectangular microchannels of 251pm wide, 1000pm deep and 119um thick. Deionized
water was tested for the Reynolds number ranged from 173 to 12900. Wang et al. (1999)
demonstrated a general heat transfer and friction correlations for louver fin round tube
heat exchangers with different geometrical parameters including louver pitch, louver
height, longitudinal tube pitch, transverse tube pitch, tube diameter, and fin pitch.

Garimella et al. (2001) in a single tube heat exchanger and Oliet et al. (2007) and
Jokar et al (2010) in complete heat exchangers, investigated glycol-water mixture flow
using non-circular cross-sections. Qu and Mudawa (2002) presented numerical results for
a rectangular micro-channel heat sink consisted of 1cm?2 silicon wafer. They used water
as the cooling fluid inside the 57um x 180um micro-channels separated by a 43pum wall.

Qu and Mudawar (2002) carried out another study about pressure drop and heat
transfer in a single-phase micro-channel heat sink using DI-water at 139 < Re,, <1672
both experimental and numerically. 231pum x 713um rectangular micro-channels heat

sink was fabricated from oxygen-free copper and fitted with a polycarbonate plastic cover
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plate. Qu et al. (2006) also studied on flow development and pressure drop for adiabatic
single-phase water flow in a single 222um x 694um x 12cm rectangular micro-channel at
196 < Re < 2215. Peng et al. (2011) carried out both experimental and numerical
investigation on convection heat transfer in a channel with 90° and V-shaped ribs. Khan
and Fartaj (2011) experimentally investigated a 50:50 ethylene glycol-water mixture flow
through a microchannel heat exchanger (MCHX) with air in a cross-flow orientation.
Even though, many studies have been conducted on water and ethylene glycol,
study on highly viscous fluids, such as automatic transmission fluid (ATF) and engine oil
are still very rare in the open literature. Engine oil, automatic transmission fluid (ATF),
ethylene glycol, and water are widely used in automotive and industrial applications.
Therefore, Research on these commercially important fluids in miniature heat exchanger

is still required.

1.2 Motivation

Sources of energy are limited, while energy demands are continuously increasing.
As a result, the necessity of thermal system equipment which can provide a very high
performance in a smaller space is paramount for many industries. In thermo-fluid
applications, the heat transfer intensification that refers to the practice of achieving
elevated heat transfer using miniature heat exchangers has become an increasingly
demanding and growing research area (Luo et al., 2007).

The following motivating considerations exist for a comprehensive CFD analysis

of the heat exchanger used in current study:
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e For a given volume, the area density (surface area to volume ratio) of
minichannel heat exchanger (MICHX) is more than that of conventional heat
exchangers, which leads to higher volumetric heat flux.

¢ The small hydraulic diameter channels result in a high heat transfer coefficient.

e Higher heat transfer coefficient and greater volumetric heat flux make the
MICHX lightweight and mobile. It is very important for systems where space
availability is restricted.

e Multi-port flat slabs allows the air flow to be a very good contact with the
heating surfaces and leads to higher heat transfer over the conventional heat
exchangers of isolated tube rows.

® Monolithic structure of multi-port slab minimizes leakage, diminishes noise,
extends the life time, and helps the environment.

® Due to the reduced volume or miniature size, less material being used, and
hence the minimal material cost is possible.

e Numerical simulations are very useful supplement to the interpretation of the
experimental data, where temperature fields and heat fluxes are very difficult
or impossible to measure.

e Numerical study is a cost effective technique, which avoids the need of

numerous prototype tests.
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1.3 Objectives

Numerous studies have been performed in straight multi-port narrow channel heat
exchangers using water and ethylene glycol as working fluids. However, studies of multi-
port slab serpentine heat exchanger (i.e. with a bend in the channel paths with parallel
channels inside the slab core) using highly viscous fluids, such as automatic transmission
fluid (ATF) and engine oil are still very limited in the open literature. Engine oil is
widely used in many industrial applications, such as automotive and aircraft engines,
agricultural and construction equipment, locomotives and electrical generators for
lubrication, corrosion prevention, and engine cooling. ATF is extensively used in vehicles
with self shifting or automatic transmissions, power assisted steering systems, and 4WD
transfer cases for the special requirements of a transmission, such as valve operation,
brake band friction, torque converter, and gear lubrication. Therefore, study on these
commercially important fluids in narrow channels is still required to fill in the gaps in
research.

The main goal of current study is to investigate the heat transfer characteristics of
high-viscosity fluids in MICHX. It is desired to compare the performance of the heat
exchanger using high viscosity fluid with that using low viscosity fluid in order to
provide information to the fulfillment of the potentiality of MICHX in the real-world
applications. The main objectives of current study are included below:

¢ Perform numerical investigation on different fluids, such as engine oil, ATF,

ethylene glycol, and water to evaluate heat transfer and fluid flow
characteristics

e Compare the numerical results with available experimentally measured data
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e Compare the heat transfer and flow behaviors of different viscous fluids

¢ Evaluate the temperature and flow distributions through in MICHX

¢ Investigate the effect of serpentine slab on heat transfer performance

¢ Provide information, which may be a great source for future works to the
fulfillment of the potentiality of MICHX in automotive, HVAC, and other real-
world industrial applications.

In order to achieve those objectives, numerical simulations were conducted on

engine oil, ATF, 50% ethylene glycol, and DI-water. A commercial CFD code, namely

ANSYS FLUENT was used in order to perform numerical simulations.
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CHAPTER 1T
REVIEW OF LITERATURE

It is necessary to have a good understanding about the concept of heat transfer and
fluid flow through narrow channels before starting to develop a computational model.
Therefore, a number of previous researches are studied, and a detailed review on narrow
channel heat exchangers is done. It is noted that scientists and researchers first
experimentally investigated the heat transfer and fluid flow behaviors in micro-and mini-
channels and then compared their results with conventional correlations obtained in the
past couple of decades. In recent years, a wide range of numerical studies have been done
to obtain more inclusive results. Some of the important previous investigations related to

current study are extensively summarized in this chapter.

2.1 General Overview

A heat exchanger is one of the most important devices in many engineering and
biomedical applications. Numerous extensive studies have been conducted on compact
heat exchangers to improve the performance of such devices. Researchers have been
looking for compact, energy efficient and environmentally friendly heat exchangers for
the last couple of decades. Tuckerman and Pease (1981) designed and tested a very
compact, water-cooled integral microchannel heat sink to remove heat from the silicon
integrated circuits. They reported that heat flux of about 790 W/cm2 can be dissipated by
flowing water through microchannels, while maintaining temperature increase below
71°C. Consequently, a wide range of studies have been performed to study the heat

transfer and flow characteristics in narrow channel heat exchangers.
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Mehendale et al. (1999) and Kandlinkar et al. (2006) reported the classifications based on

hydraulic diameter of the channel as shown in Table 2.1 and 2.2.

Table 2.1. Channel classification according to Mehendale et al. (1999)
Microchannels 1-100pum

Meso-channel 100pm -1mm

Compact passages 1-6mm

Conventional passages > 6mm

Table 2.2. Channel classification according to Kandlinkar et al. (2006)
Conventional passages >3 mm

Minichannels 3mm > D > 200pum
Microchannels 200pm >D >10pum
Transitional Microchannels 10pm>D > 1pm
Transitional Nanochannels Ipum =D > 0.1pm
Nanochannels 0.lpum=>D

An approximate solution for determining the pressure drop of fully developed,
laminar, single-phase flow in smooth singly connected microchannels of a wide variety
of channel cross-sections was studied by Bahrami et al. (2007). Studies have reported
experimental results of heat transfer and fluid flow on meso-channel, mini-channel, and
micro-channel heat exchangers or heat sinks.

Many studies have indicated that both the channel geometry and fluid viscosity
have a very significant effect on the pressure drop and heat exchanger performance. Even

though, a wide range of investigations on different liquids including water and ethylene
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glycol-water mixture in narrow channel heat exchangers have been performed in recent
years, studies on highly viscous liquids like automatic transmission fluid (ATF) and
engine oil are very rare in the open literature. Followed are some of the important

investigations related to the current study available in the open literature.

2.2 Experimental Studies on Narrow Channel Heat Exchangers

Due to the importance of miniature heat exchangers in many specialized areas
including microelectronics, robotics, aerospace, biomedical, and automotive applications,
a wide range of experimental researches have been conducted in recent years. The first
experimental investigation on micro scale technology for cooling of very-large-scale
integrated (VLSI) circuits was designed and established by Tuckerman and Pease (1981).
They have found a maximum substrate temperature rise of 71°C above the input water
temperature at power density of 790 W/cm?2.

Adams et al (1998) carried out turbulent, single-phase forced convection of water
through circular channels with diameters of 0.76 and 1.09 mm. They found that Nusselt
numbers for the microchannels higher than those predicted by traditional large channel
correlations including Gnielinski correlation. The diameter, Reynolds number, and
Prandtl number ranges were (0.102 - 1.09mm), (2.6 x 10° - 2.3 x 104), and (1.53 - 6.43),
respectively. Another experimental study about flow characteristics of water via
microtubes of fused silica (FS) and stainless steel (SS) with diameters range from 50um
to 254um was carried out by Mala and Li (1999). Almost the same pressure gradient as
predicted by the Poiseuille flow theory for low Reynolds number (Re) has been found.
However, as Re increased, a significant increase in the pressure drop was observed

compared to that predicted by the Poiseuille flow theory. As a result, higher friction
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factor was found compared to the one given in the conventional theory. The results also
showed that FS microtubes needed a higher pressure drop than SS microtubes for the
same flow rate and diameter due to either the effects of surface roughness of the
microtubes or an early transition from laminar to turbulent flow.

A study on the effect of the number of tube rows, fin pitch and tube diameter on
the heat transfer and fluid flow behaviors was conducted by Wang and Chi (2000). They
found that heat transfer performance to be increased with the decrease of fin pitch for the
number of tubes row equals to 1 or 2 and negligible for number of tubes row > 4 and Re
> 2000. They also found a very small effect of the number of tube rows on the friction
performance for the same fin pitch. Pressure drops for the fin collar outside diameter (Dc)
= 10.23 mm were found to be approximately 10 - 15% higher than those of Dc = 8.51
mm. Wu and Cheng (2003) carried out another research on convective heat transfer and
pressure drop of water in the laminar regime through different trapezoidal silicon
microchannels. Their results showed that the Nusselt number (Nu) and friction factor (f)
increased with increasing surface roughness and surface hydrophilic property. Adding to
that Nu increases almost linearly with Reynolds number at Re < 100, while it increases
very little at Re >100.

Kandlikar et al. (2003) investigated the effect of surface roughness on pressure
drop and heat transfer in 500 < Re < 2600 for 1.067mm diameter and 900 < Re < 3000
for 0.62mm diameter circular tubes. For the 1.067 mm diameter tube, the effects of the
roughness from e/d = 0.00178 to 0.00225 on heat and pressure drop were found to be
insignificant. Whereas, for the 0.62 mm tube, the highest heat transfer and pressure drop

were observed with higher e/d (=0.00355). They reported that above 1.067mm diameter

Mohammed Ismail. M. A. Sc. Thesis 2012. Dept of Mechanical Automotive & Materials Engineering, University of Windsor, Canada 13



Numerical Investigation on Heat Transfer and Fluid Flow Behaviors of Viscous Fluids through Minichannel Heat Exchanger

tubes with e/d = 0.003 can be considered as smooth tubes. On the other hand, enhanced
heat transfer and pressure drop were observed for the smaller diameter (< 0.62mm) tubes
of the same roughness value. Another finding is that for the small diameter tubes, a
roughness value > 0.003 has a significant effect on transition to turbulence.

Khan et al. (2004) compared the thermo-hydraulic performances of two
traditional tube heat exchangers (circular and elliptical) and one circular shape meso-
channel heat exchanger to compare their thermo-hydraulic performances. Their results
show that the meso-channel heat exchanger exhibits superior thermo-hydrodynamic
performance over the other two, and the elliptical tube heat exchanger shows higher
performance compared to the circular tube. Owhaib and Palm (2004) also studied
experimentally the heat transfer characteristics of single-phase forced convection R-134a
in single circular micro-channels with 1.7mm, 1.2mm, and 0.8mm inner diameters. They
reported that in the turbulent regime, the results were in a good agreement with the
classical correlations. However, their results did not agree with any of the suggested
correlations for microchannels. Adding to that the heat transfer coefficients were almost
identical for all the three diameters in the laminar region.

Nuntaphan et al. (2005) performed a study on 23 heat exchangers with crimped
spiral configurations to investigate the effect of tube diameter, fin spacing, transverse
tube pitch, and tube arrangements. The pressure drop was found to be increasing but the
heat transfer coefficient decreasing with the increase of tube diameter and fin height for
the inline arrangement. Whereas, the pressure drop due to the fin height, is very small for
the staggered arrangement compared to that of the inline arrangement. They also found

that the fin spacing has a strong influence on the air side performance for both inline and
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staggered arrangements. Hetsroni et al. (2005) carried out both experimental and
theoretical investigations on single-phase heat transfer in micro-channels using circular,
triangular, rectangular, and trapezoidal micro-channels with hydraulic diameters ranging
from 60um to 2000um. They performed their experiment using distilled water in the
laminar regime to investigate the effects of geometry, energy dissipation, and axial heat
flux due to thermal conduction through the working fluid and channel walls.

Saitoh et al. (2005) presented another study discussing the boiling heat transfer of
refrigerant R-134a flow in horizontal tubes with 0.5Imm, 1.12mm, and 3.1mm inner
diameters. They found that the flow inside a tube approached homogeneous flow for the
smaller tube diameter. They reported that the effect of heat flux was strong in all the three
tubes. Results showed that the local heat transfer coefficient and the effect of mass flux
on the local heat transfer coefficient drops with the decrease of tube diameter. It was also
reported that the measured pressure drop for the 3.10mm and 0.51mm inner diameter
tubes were in a good agreement with the Lockhart—-Martinelli correlation and the
homogenous pressure drop model respectively. Bintoro et al. (2005) designed and
experimentally investigated a closed-loop electronics cooling system for a single phase
computer chip by adopting impinging jet and a mini channels heat exchanger. A channel
diameter of 1.27mm and nozzles diameter (dN) of 0.5mm and 0.8mm were used. The
cooling capacity of the system was reported to be 200w over a single chip with a
hydraulic diameter of 12 mm which was equivalent to the heat flux of 177w/cm? with a
coefficient of performance of the system of 21.4.

Another investigation regarding the heat transfer characteristics of a single-row

aluminum fin-and-tube crossflow heat exchanger was carried out by Tang and Yang
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(2005). They emphasized on the regime of low flow rate of the in-tube fluid (water).
They reported that the thermal resistance of both liquid-side and air-side were almost
equal for 500 < Re < 1200. However, for 1200 < Re < 6000, the air-side thermal
resistance was much higher than that on the liquid-side. They also found that the liquid-
side thermal resistance is less than 10% of the overall thermal resistance. Brandner et al.
(2006) studied various micro-structured cross flow heat exchangers to compare their
thermal performance. They used two heat exchangers with different layouts of micro
column arrays (aligned and staggered). They showed that the heat transfer in a micro-heat
exchanger can be enhanced by decreasing the hydraulic diameter of the microchannels. In
their investigation, they used a ‘‘bottom-up” approach and showed that Poiseuille number
depends only on the geometrical parameters of the cross-section for constant fluid
properties and flow rate in fixed cross-section channels. The arbitrary cross-sections
included rectangular, trapezoidal, triangular, hyper-ellipse, trapezoid, sine, square duct
with two adjacent round corners, thombic, annular, circular, rectangular with semi-
circular ends and moon-shaped channels. Their results showed the square root of the
cross-sectional area \/A, as the characteristic length scale, is superior to the conventional
hydraulic diameter, Dy,.

Qu et al. (2006) carried a study on the flow development and pressure drop for an
adiabatic single-phase water flow in a single 222um x 694um x 12cm rectangular micro-
channel at 196 < Re < 2215. They reported that the quick entrance effects have created
observable vortices in the inlet region that had a very significant influence on the
downstream flow development. Cross-flow heat exchangers with wavy fins and flat tubes

were experimentally investigated by Junqi et al. (2007). The experiment was carried out
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at a constant tube-side water flow for air side Reynolds number in the range of 800—6500
with different fin pitches, fin lengths and fin heights. The results showed that for 800 <
Re < 6500, Colburn factor, j and Fanning friction factor, f factors decreased with
increasing Re, and j and f factors increased with fin space increasing at the same Re.
Results also showed that the j factor increased with fin height, while the effect of fin
height on f factor is insignificant.

Tang et al. (2009) carried out both experimental and numerical studies on air-side
heat transfer and friction characteristics of different types of fin-and-tube heat exchangers
of 18mm tubes in diameter with 4000 < Re < 10000. Higher heat transfer and pressure
drop were found for the crimped spiral fins compared to the other fins. The performance
of the heat exchanger with mixed fins (front vortex-generator fin and rear slit fin) was
also found to be better than that for fins with delta-wing vortex generators. They also
reported that the slit fin offers the best heat transfer performance at high Reynolds
numbers. Stignor et al. (2009) carried out an investigation on liquid-phase heat transfer in
three multiport minichannel tubes of rectangular geometry with different cross-sections.
The study was conducted on laminar flow regime using four different secondary
refrigerant liquids: water, propylene glycol, Hycool 20, and Temper-20. In spite of the
shape of the minichannels, a better agreement has been found with the Gnielinski’s
correlation for laminar flow, developing temperature profile, and fully developed velocity
profile in circular tubes with constant wall temperature boundary condition.

Jokar et al. (2010) experimentally investigated heat transfer and flow
characteristics through five different meso-channel compact heat exchangers of 2.6mm —

4.1mm hydraulic diameters. R-134a and 50% glycol-water were used and a modified
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Wilson plot technique was applied to obtain the heat transfer coefficients and the Fanning
equation in order to calculate the pressure drop friction factors. They showed that the heat
transfer and pressure drop correlations for the macro-channels are not directly applicable
for meso-channels compact heat exchangers. Dasgupta et al. (2011) conducted another
study of MCHX having 15 slabs of 2mm in thickness with 68 circular channels of Imm
diameter each. They have maintained the air-side Reynolds number range from 750 to
3165 at a constant liquid-side Reynolds number of 200. Results show higher air-side
Nusselt number compared to other studies.

Dang and Teng (2011) studied both numerically and experimentally one
microchannel and two minichannel heat exchangers having length of 32mm and the same
total rectangular cross-sectional area of Imm? for all channels,. Results show that both
the heat transfer rate and pressure drops obtained from microchannel heat exchanger are
higher than those obtained from the minichannel heat exchangers. Peng et al. (2011)
carried out both experimental and numerical investigation of convection heat transfer in a
channel with 90° and V-shaped ribs. They found that for both the 900 ribs and V-shaped
ribs showed an enhanced convection heat transfer in expense of increased pressure drop
compared to a flat wall without ribs. They also reported that the overall thermo-hydraulic
performance of the V-shaped ribs was superior to that of the 900 ribs. A study on air side
heat transfer and fluid flow behaviors of multi-port serpentine cross-flow mesochannel
heat exchanger was performed by Siddiqui et al (2012). Their experiment on ethylene
glycol-water mixture was conducted in air-to liquid cross-flow orientation on a wavy

finned 68-port mesochannel heat exchanger at air-side Reynolds number ranged between
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752 < Re, < 3165. In comparison with other studies, they found that the air-side Nusselt

number (Nu,) and Colburn factor (j,) are higher.

2.3 Numerical Simulations on Narrow Channel Heat Exchangers

Numerical simulations are considered as a very useful supplement to the
interpretation of the experimental data, where measurements of temperature fields and
heat fluxes are obviously very difficult or impossible to obtain. It becomes an economical
prediction technique by avoiding the need of numerous prototype tests. As a result,
computational fluid dynamics (CFD) has been becoming a very significant research
technique in heat exchanger studies. Ryu et al. (2002) conducted a numerical
optimization of the thermal performance of a microchannel heat-sink of lcm x lcm
square horizontal surface. The height, channel width, and fin thickness of the
microchannel heat-sink are 453um, 45.3um, and 35.3um respectively. They used water
as a coolant and silicon as heat-sink material. Gamrat et al. (2004) performed a numerical
investigation on heat transfer of rectangular micro-channels using three channel heights
0.3mm, 0.6mm, and 1mm. Based on hydraulic diameter, they maintained 300 < Re <
2360 and found low thermal resistance at small channel height. They have concluded that
the heat transfer performance can be improved by decreasing the channel height.

Wang et al (2004) studied the frictional performance of the highly viscous fluid in
minichannels having diameters of 0.198 — 2.01lmm. They used water and lubricating oil
as the working fluids with Reynolds number of 0.1 to 1500 and found a negligible
influence of viscosity on the friction factor for the hydraulic diameter greater than
1.0mm. Albakhit and Fakheri (2005) numerically investigated the flow and heat transfer

in parallel flow microchannel heat exchangers for thermally developing laminar flow in
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two parallel rectangular channels. Their result shows that the developing velocity profiles
led to higher values of the overall heat transfer coefficient in the entrance region. A
thermo-fluid—dynamic investigation was numerically performed by Carluccio et al.
(2005) in an air-oil cross flow aluminum compact heat exchanger in order to estimate the
effect of the air channel geometry at different flow regimes. The highest heat flux zones
were reported in correspondence with the changes of air-flow direction. The geometrical
configuration permitted an enhanced thermal gain in presence of a higher pressure drop.

Gamrat et al. (2005) performed both 3-D and 2-D numerical simulations in
rectangular microchannels heat sink to investigate the conduction and entrance effects on
heat transfer for 200 < Re < 3000. In contrast to the uniform inlet velocity and
temperature profiles reported by Shah and London (1998), they found that the entrance
effects to be dependent on the Reynolds number and the channel spacing separately. They
also reported that viscous heating was not taken into account in numerical simulations,
which could cause a decrease in Nusselt number. Zhuo et al. (2006) carried out numerical
simulations of the fluid flow and heat transfer of water in silicon micro-channels with
non-circular cross-sections. The authors investigated the effect of the geometric
parameters of the micro-channels and discussed the variations of Nusselt number with
Reynolds number from the field synergy principle.

Ngo et al. (2007) used three-dimensional computational fluid dynamics (3D CFD)
FLUENT code to investigate the thermal hydraulic performance of a microchannel heat
exchanger (MCHX) with S-shaped and zigzag fins using a supercritical carbon dioxide
loop. Their results show that the MCHX with s-shaped fins can provide a pressure drop

6-7 times lower preserving almost the equivalent heat transfer performance compared to a
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conventional MCHX with zigzag fins. Cheng (2007) used stacked rectangular two-layer
microchannel heat sink with embedded passive microstructure in his numerical
investigation by three-dimensional conjugated model of CFD. The ratio of embedded
structure height to microchannel height has been varied from 0.13 to 0.26 at a fixed
Reynolds number of 14.8. The stacked microchannel with passive structures shows better
performance than the smooth microchannels. Liu et al. (2007) carried out a 2-dimensional
numerical investigation for fluid flow and heat transfer in microchannel cooling passages
for low Reynolds number flow of water in a 100um single channel. They found a
significant role in the variation of viscosity and the induced cross-flow velocity to the
convective heat transfer. However, the enhancement of heat transfer due to the variation
of conductivity in the thermal developing process was reported relatively insignificant
except for the cases with very low Reynolds numbers.

Lao and Jen (2008) carried out a three-dimensional numerical simulation in a
square duct with a curvature ratio of 0.05- 1.0 and Dean Number (De) of 0- 200 in the
fully developed fluid flow and heat transfer. The researchers used the D3Q27
incompressible LBGK model and found that the onset of transition from single-pair
vortex to double-pair vortex depends on both the curvature ratio and Dean Number for
the square duct with high curvature ratio. Kahalerras and Targui (2008) performed a
numerical analysis of a double pipe heat exchanger with porous fins attached at the
external wall of the inner cylinder by using the finite volume method (FVM). Numerical
analysis was performed for Darcy number (107® < Da < 1071), porous fins height

(0 < H, < 1), spacing (0 < Ly < 39), and thermal conductivity ratio (1 < R, < 100).
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Chen et al. (2009) performed a three-dimensional model using noncircular
microchannel heat sinks including triangular, rectangular, and trapezoidal microchannels
to investigate heat transfer and fluid flow characteristics. Their results show that the
triangular microchannel has the highest thermal efficiency among the three geometries.
Li et al. (2010) performed another 3D numerical simulation in an aluminum heat
exchanger with integrated fins and micro-channels to investigate the air-side heat transfer
and flow characteristics. They reported that for Re number below 2000, both the Colburn
factor (j) and Fanning friction factor (f) increase when increasing fin height and fin
thickness, and decrease when increasing fin pitch. With the increase in the flow depth, j
factor decreases but f factor increases. The best performance of the heat exchanger was
found for fin pitch of 1.0 mm, flow depth of 26 mm, fin height of 6.6mm and fin
thickness of 0.1 mm. The air-side performance of the integrated fins and micro-channel
heat exchanger was reported and compared to the multi-louver and the wavy fin flat tube
heat exchanger for high and low Reynolds number.

The wall heat transfer mechanisms for a vapor bubble inside a 200um x 200pum
square cross section microchannel was numerically studied by Mukherjee et al. (2011).
They used SIMPLER method to solve the Navier-Stokes equations along with continuity
and energy equations. They found that the wall heat transfer can be improved by
increasing the wall superheat and the bubble growth rates without any affect from the
change in the incoming liquid flow rates. They also found longer and thinner bubbles to
be produced due to a small effect of the liquid surface tension on the bubble growth.
Moreover, the bubble with the lowest contact angle exhibited the highest growth rate and

the highest wall heat transfer. Furthermore, they identified the increasing the wall heat
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transfer mainly due to the motion of evaporating liquid—vapor interface. The growth of
the thermal boundary layer was found to be prevented by the bubble growths which
pushed the liquid against the microchannel walls. However, no significant effect of
surface tension on wall heat transfer was obtained.

Dehghandokht et al. (2011) numerically analyzed fluid flow and heat transfer
characteristics of water and ethylene glycol-water mixture in a multi-port serpentine
meso-channel heat exchanger (SMCHX). The numerical results for predictions of heat
transfer rate, pressure and temperature drops in the coolants, and the core surface
temperature around the serpentine bend are validated with the experimental data found
from the SMCHX. They carried out another 3-D numerical simulation, for forced
convection of hot water in a serpentine MSCHX with a cold air flowing across and found
the elevated heat transfer rate due to the existence of serpentine bend in the meso-channel
heat exchanger. They reported that the air-flow in contact with the multi-port slab flat
surfaces was maintained a uniform temperature distribution on the top and bottom faces.
The fairly uniform distribution of heat through all the channels was reported due to the
parallel channels located inside the meso-channel slab core.

Another investigation about heat transfer in simultaneously developing flow for
rectangular tubes was presented by Garimella et al. (2001) for 118 < Re < 10,671. They
employed three different typical dimensions used in automotive heat exchangers tube
sizes and shapes of D, = 2.21mm, a = 0.050; D, = 3.0Z2mm, a = 0.108, and
D, = 1.74mm, a = 0.029. They found higher Nusselt numbers in the developing
regime, especially for short tubes. They reported that the effect of aspect ratio was not

very significant.
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2.4 Effect of Viscosity on MICHX Performance

The performance of viscous fluids, especially highly viscous fluids like engine oil
and ATF are extremely dependent on temperature. This is due to the rapid response in
variation of viscosity with temperature. Few numerical studies have been performed to
investigate the effect of viscosity of liquid and axial conduction of wall in order to
investigate heat transfer performance of MICHX.

Obot et al. (1997) reported the Prandtl number range of 0.7 < Pr < 125.3 working
on ethylene glycol, water, and ethylene glycol-water mixture. They found that the friction
factor is independent of Pr in smooth pipes. Tso and Mahulikar (2000) conducted a study
on water flow in microchannels in the laminar regime to observe the behavior of the local
Nusselt number (Nu) and the Brinkman number (Br) for the constant wall heat flux
boundary condition. They found a strange behavior of local Nu which decreases with
increasing local Re along the flow. The Brinkman number was found to be 10°-107.

Thermal effectiveness and entropy generation of parallel and counter-flow heat
exchangers with highly viscous fluids was numerically investigated by Bagalagel and
Sahin (2002). Their results showed that viscous friction with variable viscosity has a very
significant effect on heat exchanger performances for lower inlet temperatures of highly
viscous fluid. The entropy generation number was also found to be higher when the
viscous friction was considered. In addition, they also found that the effect of viscosity on
both counter-flow and parallel flow heat exchangers is similar. On the other hand, the
counter-flow heat exchanger performance showed a smaller tendency of deviation
between the no viscous friction behavior and the viscous friction behavior which made it

more attractive than the parallel flow exchanger.
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Nield et al. (2003) studied the effects of axial conduction and viscous dissipation
in thermally developing forced convection through parallel plate channel in a porous
medium with walls at constant temperature. The authors reported that viscous dissipation
is negligible when Brinkman number (Br) is zero while the viscous dissipation has a very
significant effect on the developing Nusselt number. They added that in the absence of
viscous dissipation, the developing Nusselt number (Nu) differs little with the Darcy
number (Da) whereas Nu significantly increases with the decrease in Peclet number (Pe).

Especially for a very small Darcy number, a small quantity of viscous dissipation
(Br #0) also plays a role to jump the fully developed Nu to a value which is
independent of Br they added. Another investigation on the effect of viscous dissipation
in fully developed forced convection through a parallel plate channel at uniform
temperature and uniform heat flux was performed by Nield et al. (2004). They
established an expression for Nusselt number (Nu) as a function of Bn. At uniform-flux
boundary conditions, the relationship between Nu and Bn for a very large Darcy number

(Da=10")and M = 1is

Nu=§+i’—:Bn 2.1)
where
Br = _mw? (2.2)
(Tm_Tw)k )

They also claimed that for a very small Darcy number(Da = 1074, slug flow),
the Nu is equal to 6 and independent of the Brinkman number and the viscous dissipation.
Koo and Kleinstreuer (2004) studied on viscous dissipation effects on temperature and
friction factor in microtubes and microchannels. In their experiment, they used water,

methanol, and iso-propanol as working fluids in different conduit geometries. They
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claimed that, for microconduits, viscous dissipation a strongly depends on the channel
aspect ratio, Reynolds number, Eckert number, Prandtl number, and hydraulic diameter
of the conduit. Their results showed that temperature increased significantly due to
viscous dissipation even in a very low Reynolds number flow for high-viscous and low
heat capacity fluids. Results also showed that for water flow in a tube with D < 50um,
viscous dissipation becomes significant. They claimed that the viscous dissipation
increased rapidly with a decrease in channel size.

Wang et al. (2004) experimentally examine the frictional performance of water

and lubricant oil (SUNISO 4GS having kinematic viscosity, v = 54.9mm? /s at 40°C) in

round and rectangular minichannels of hydraulic diameter, D;, = 0.198- 2.01mm. The
experiment was conducted with Reynolds number for water about from 100 to 30,000
and for the lubricant oil about from 0.1 to 1500. They found a negligible influence of
viscosity on the friction factor when hydraulic diameter is greater than Imm. The
measured friction factors for lubricant oil were found 10-30% lower than those of
predicted values, which could be attributable to the viscous heating.

Nonino et al (2007) carried out a parametric investigation on the effects of
temperature-dependent viscosity and viscous dissipation in simultaneously developing
flows in microchannels with convective boundary conditions. The finite element method
was conducted in circular tube and parallel plate channel considering an exponential

relationship of viscosity with temperature as

p = pgexp[—B(t — t,)] (2.3)
(%)
with § = —% = constant
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which can be cast in the following dimensionless forms of

no_ _ [ He T
— =exp(—pT) = (= (2.4)
Ha Ua
) ) t—t
where, dimensionless temperature, T = 2 and
e~ ta
dimensionless viscosity parameter, f = —In (%)
a

Their numerical results confirmed that larger hydrodynamic entrance length and lower
asymptotic Nusselt number compared to constant viscosity flows because of viscous
heating. They also found that, in the case of fluid heating, viscous dissipation and
temperature dependent viscosity influenced the radial temperature profiles.

Yataghene et al. (2009) analyzed the heat transfer in a scraped surface heat
exchanger for Newtonian and non-Newtonian fluids both experimentally and
numerically. Viscous dissipation was taken into account and controlled with the
Brinkman number, the rotating velocity and the thermal boundary conditions. For the
viscous Newtonian fluid, the effects of viscous dissipation were reported as very
significant in both boundary conditions. It was found that the temperature of the fluid
increases due to viscous friction or viscous dissipation rise due to the increase of rotor
speed. Whereas, for non-Newtonian shear thinning fluid (2wt% CMC solution), viscous
dissipation was found negligible. The temperature distribution in the fluid was found to
be heterogeneous instead of homogeneous due to the geometrical configuration of the
apparatus. For index behavior of shear thinning power law fluid (n) < 0.3, the effect of
viscous dissipation was found to be negligible. However, for n > 0.5, the effect of viscous

dissipation led to boost up the temperature.
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2.5 Effect of Axial Conduction

Maranzana et al. (2004) studied the effect of axial conduction in the walls in two
10mm long and 500um thick blocks of silicon. Water flow was passed through the
100um thick channel with a Reynolds number of 15.4. They imposed a 30kw/m”2
uniform heat flux on the upper face of the top block, while the lower face of the bottom
block was maintained adiabatic. A dimensionless number M was introduced to quantify
the relative part of axial conduction through walls. They noticed that axial conduction can
be neglected if the values of M become less than 102. They also reported that the wall
heat flux density, for small Re (15.4), cannot be strongly uniform because most of the
flux is transported to the fluid flow at the entrance of the mini—micro-channel. It is shown
that the axial conduction through the walls of a mini—micro heat exchanger results in a
loss of efficiency. They added that axial conduction in the walls has also to be taken into
account when designing mini—micro counter-flow heat exchangers in order to find out an
optimal conductivity for the wall to get the highest efficiency of heat exchanger.

Another study on the consequences of axial conduction in a parallel plate
microchannel heat transfer and fluid flow with a fully-developed velocity distribution
was performed by Cole and Cetin (2011). The authors included fluid axial conduction for
a low range of Pe (0.1 < Pe < 100). A uniform heat flux was applied to the outside of the
channel wall. Their results showed that the effect of the axial conduction in the channel
wall is significant for (i) the small microchannel length-over-height ratio; (ii) the small
Pe; (iii) the large wall thickness relative to the channel height and (iv) the high
conductivity of the wall material relative to the thermal conductivity of the working fluid.
They also stated that the effect of the axial conduction in the wall is negligible for high

Pe flow (e.g. Pe > 100) and low thermal conductivity of the wall materials.
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2.6 Scope of current study

A wide range of studies have been performed using different working fluids in
order to investigate heat transfer and fluid flow behaviors in various types of macro- and
micro-scale heat exchangers. Various investigations have been reviewed very carefully
and observed especially which are focused on different types of heat exchangers, fins and
fluids, flow arrangements, channel sizes and geometry. Some researchers have studied
straight multi-port narrow channel heat exchangers using water and ethylene glycol as the
working fluids. However, studies of multi-port slab serpentine heat exchanger (i.e. with a
bend in the channel paths with parallel channels inside the slab core) using highly viscous
fluids like engine oil and ATF are very rare. Even though a few studies have been
conducted on viscous fluids in order to capture their thermo-physical properties, heat
transfer and fluid-flow performances on engine oil and ATF cooling studies, especially in
a MICHX were not found in the open literature. Experiments cannot predict the complex
measurements and thermal fields.

Therefore, numerical simulations may be very helpful as a supplement to those
investigations of heat flux, temperature and convection fields. Four liquids, including
water, 50% ethylene glycol, typical engine oil and ATF have been used through a
MICHX in the current numerical study. It is predicted that the findings of the current
study will be an addition source to the industry-based information in the heat transfer and
fluid flow areas. Hence, the current study may be evaluated as a novel one since it
provides a comprehensive investigation on the highly viscous fluids, such as engine oil

and ATF cooling approaches through the use of a MICHX.
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CHAPTER 1II
DESIGN AND METHODOLOGY

In the current study, numerical simulations are conducted in a multiport
serpentine Minichannel Heat Exchanger (MICHX). DI-water, 50% ethylene glycol,
engine oil, and automatic transmission fluid (ATF) are used individually as liquid-side
working fluids while air is blown at a constant temperature and velocity in an across flow
orientation. The numerical results for water and 50% ethylene glycol are validated with
the experimental results of Khan and Fartaj (2001). Comparisons between the numerical
and experimental results are made for the liquid-side outlet temperature and pressure
drop, air-side outlet temperature, and average surface temperature around the serpentine
of the SMCHX slab as a function of mass flux. Details of experimental setup, the
physical devices, geometry modeling, and the numerical method used in this study are
presented in this section. Consequently, the working fluids and their physical properties

are described briefly.

3.1 Experimental Setup

To conduct the heat transfer and fluid flow research, the experimental facility
used for this study was designed and assembled by Khan and Fartaj (2011), as shown
schematically in Figure 3.1. The working liquid fluid is circulated by a gear pump and
passed through an electrical pre-heater to maintain the inlet temperature. A 230u filter is
placed to prevent the small particles from entering the MICHX. After that, the fluid
passes through channels and returns back to the reservoir. Two resistance temperature

detectors, RTD 1 & RTD 2, and two pressure transducers, PTD 1 & PTD 2, are placed at
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the inlet and outlet of the test section to measure the temperatures

respectively.

PG1

and the pressures
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Figure 3.1. Schematic of the experimental set up for heat transfer and fluid flow research

The MICHX is set up inside a test chamber of the wind tunnel. The air is

circulated across the heat exchanger through fins inside a closed loop thermal wind

tunnel by an air blower, which extracts the heat from the working fluid. To measure the

inlet and the outlet temperatures of the air, two thermal grids with nine (3 x 3) and twenty

five (5 x 50) type-T thermocouples are installed in the test section. The flow of air is

controlled by an air blower with a mass flow rate of 0.507kg/s. To measure the air inlet

and outlet pressures, a FlowKinetics FKT series is used. The water flowing through tubes

of a built-in heat exchanger in the wind tunnel controls the inlet air temperature. A 16-bit
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NI Data Acquisition (DAQ) system is incorporated to monitor and record all the
experimental data.
The devices and instruments used in the experimental setup are presented in

Appendix A.1.

3.1.1 Minichannel Heat Exchanger (IMICHX) Test Specimen

A photograph of the minichannel heat exchanger (MICHX) test specimen used in

the current study is presented in Figure 3.2.

Figure 3.2. MICHX-test specimen

Inlet and outlet manifolds, serpentine slabs, and fins are made of aluminum alloy
3003. The equally spaced 68 circular channels, each one of 1mm diameter, inside a 2mm
thick and 100mm width slab were constructed using micro-fabrication. Liquid flows
through the inlet tube to the inlet header and distributes to the 68 ports or channels along
the slabs and serpentines. Serpentine refers to the curved portion of the channels, through
which flow will reverse in direction. The fluid exits from the multi-port slabs into the
outlet tube through the outlet header. The air side fins are placed between above and

underneath of the multi-port mini-channel slabs.
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The detailed specifications of MICHX are shown in Table 3.1.

Table 3.1. Specifications of test specimen (MICHX)

Parameters Magnitudes

Material Aluminum alloy 3003
Number of slabs 2

Number of serpentine 1

Slab length along X-axis (mm) 304

Slab thickness along Y-axis (mm) 2

Slab width along Z-axis (mm) 100

Number of channels inside each slab 68

Channel diameter inside the slab (mm) 1
Port to port distance (mm) 1.463

Inner diameter of serpentine curve (mm) 20

Type wavy
Number of fins per 25.4mm 8
Height of middle fins (mm) 20
Height of top and bottom fins (mm) 10
Fin thickness (mm) 0.1
Inner diameter of header (mm) 4.76
Outer diameter of header (mm) 6.35

The test specimen used in the current study is place in a 305mm x 305mm x

610mm test chamber. The walls are of the test chamber are made of Plexiglas of low
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thermal conductivity and are thick enough to prevent heat loss to the outside
environment. Extra insulations are placed around the test chamber to avoid any heat
transfer to the surroundings. Hence, heat transfer takes place only through the slabs of the
MICHX in the test chamber; as the hot liquid flowing inside the channels transfer heat to

the colder air over the slab.

3.2 Geometry Modeling

The first step of the computational modeling is to define an idealization of
problem of interest, which includes an appropriate geometry of the physical model and a
set of relevant quantities, which are interested to measure. The geometry of

computational domain and meshing details are shown in Figs 3.3-3.6c.

2" N

Figure 3.3. Serpentine MICHX with manifolds used in simulation
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‘AN

Figure 3.4. Test chamber (Air) used in simulation

Figure 3.5. Computational domain (305Smm x 305m x 610mm) with MICHX
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Figure 3.6a. Mesh in computational domain (XY plane)
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Figure 3.6c. Mesh in minichannels
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Gambit 2.4, a commercial code of geometry modeling was used as a
preprocessing tool to create physical model of the MICHX and generated mesh for
FLUENT CFD solution. Type of meshing is a very important issue in Gambit operation,
which directly affects the numerical results and convergence time. It was difficult to use a
particular structured mesh for the entire domain due to the complexity of physical model
with regard to the computational domain. Therefore, the whole computational domain
was divided into some sub-domains and discretized with the unstructured tetrahedral
elements. Clustering also plays a very significant role in numerical simulations in heat
transfer and fluid flow analysis. In order to increase the accuracy of the results, the
channel regions adjacent to the walls were clustered carefully. The detailed grid systems
of computational domain are presented below.

¢ Domain Extents:

x-coordinate: min (mm) = -305, max (mm) = 305
y-coordinate: min (mm) = -163, max (mm) = 142
z-coordinate: min (mm) = -333.65, max (mm) =11.5
® Volume statistics:
Minimum volume (mm3): 6.27e-5
Maximum volume (mm3): 411.02
e Face area statistics:
Minimum face area (mmz): 2.265e-03
Maximum face area (mmz): 122.31

e /ones: 6 cell zones and 102 face zones.
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e Mesh Details: Details of mesh are presented in Table 3.2.

Table 3.2 Details of mesh

Zone Cell type Number of cells
Solid_fins Hexahedral | 87300
Solid_slab Wedge 949836
Fluid channels Wedge 641784
Air Tetrahedral | 3143855
Fluid manifold_above | Mixed 315220
Fluid manifold_below | Mixed 315220
Total number of cells 5453215
Number of Faces 16135759
Number of Nodes 2097279
Maximum aspect ratio 1.73e+02

3.3 Numerical Method

The best method to know absolutely how a mathematical model will behave under
any circumstances is the analytical solution. In this method, calculus, trigonometry, and
other math techniques are used to find a solution to the set of equations. However, this
method is likely to work only for simple models. For more complex models, the
calculations become extremely complicated.

In those circumstances, numerical methods are the replacement of solving the

equations. For a differential equation that defines behavior over time, the numerical
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method starts with the initial values of the variables, and momentarily uses the equations
to solve the changes in these variables. Thousands of repetitive calculations are involved
with this method. A computer is essential to execute these calculations. The result is a
long list of numbers, not an equation. It is just an approximation, while it can be a very
good estimation under certain conditions.

The geometry of the minichannel heat exchanger (MICHX) model used in current
study is very complex. Making an allowance for the complexity of the model, numerical
method was carried out to find out the behavior of thermal and flow fields.

The computations were carried out with two Quad-Core CPUs having Random
Access Memory (RAM) of 8GB. Three-dimensional double precision (3DDP) pressure-
based absolute velocity formulation was utilized. Even though, the flow regime in liquid-
side was both laminar and turbulent, the flow regime in air-side was turbulent. It is
anticipated to choose an appropriate turbulent model to solve the heat transfer and fluid
flow problems. In fact, unfortunately there is not a single turbulence model that is
universally accepted as being superior for all types of problems. The standard k-¢
turbulent model was considered to solve the fluctuating velocity fields for air-side

turbulent flow.

3.3.1 Selection of Numerical Method

The selection of numerical method and model generally depends on many factors,
such as complexity of the flow, specific type of problem, expected accuracy of results,
availability of computational resources, and the amount of time for the simulation. It is
desired to understand the capabilities, competences and limitations of various options to

make the most suitable and appropriate choice of model for a specific application. Peiro
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and Sherwin (2005) stated that there are many situations where obtaining an exact
solution of a partial differential equation (PDE) is not possible

In computational modeling of any physical process, there are three conventional
methods for numerical solution of PDEs, namely the finite difference method (FDM), the
finite element method (FEM), and the finite volume method (FVM).

Finite difference method (FDM): Finite difference method is the oldest method,
which is capable of handling complex geometries in multiple dimensions. It is based on
the application of a local Taylor expansion to approximate the differential equations and
uses a topologically square network of lines to generate the discretization of the PDE.
From the inspiration of the use of an integral form of the PDEs, the finite element (FE)
and finite volume (FV) techniques are developed.

Finite Element Method (FEM): Finite Element Method (FEM) is generally
applied to structural analysis, which works on weighted residual technique. In FEM,
nodal connectivity is important to come to be solution. Otherwise it may be fridge in
solution domain. The code computes a length expansion and calculates the stress as the
first derivation of the length. In order to do this, the FEM-Cell has to have at least a linear
weight function, which may reduce the speed of the solution progress. The accuracy of
results may be increased by using FE-methods in presence of a large overhead.

Finite Volume Method (FVM): Finite Volume Method (FVM) works on
conservation principles. In FVM, nodal connectivity is not mandatory. Instead, face
connectivity is necessary because flux between cell face has to be conserved. In
computational fluid dynamics (CFD), calculation of a first derivation of a value is not

required and accordingly only 1 node per cell (constant weight function) is sufficient in
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FVM. To manage constant weight function instead of linear weight function leads to a
lesser memory requirement. Eymard et al. (2006) confirmed that in FVM, the numerical
flux is conserved from one discretization cell to its neighbour, which makes this method
reasonably attractive for modeling of fluid mechanics, semi-conductor device simulation,
heat and mass transfer problems.

Considering an allowance for the complexity of the geometry, limitation of
processor speed, inadequacy of random access memory (RAM), and the type of problem
dealing with, the simulations were performed with ANSYS FLUENT version 13.0, a
widely used finite volume method (FVM) based commercial CFD code. This method has
been extensively used in many engineering fields, such as fluid mechanics, heat and mass

transfer or petroleum engineering.

3.3.2 Key Assumptions

The Navier-Stokes and energy equations were used to model the convective heat
transfer and fluid flow process with the following assumptions:

(1) Steady fluid flow and heat transfer

(i1) Incompressible fluid flow

(v) Heat transfer between the heat exchanger and the surroundings by radiation or
conduction is negligible due to appropriate thermal insulation

(vi) No heat loss or gain by the air to or from the outside surroundings near the
test chamber

(vii) Thermo-physical properties of all liquid working fluids are temperature

dependent
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(viii) Turbulence effects are accounted for using the standard k-¢ turbulent model

with standard wall function.

3.4 Setup of Computational Parameters

In order to solve any problem by using numerical simulation, an accurate setup of
computational parameters, such as model, boundary conditions and solver settings are
very significant. Simulation process, time and accuracy depend on these issues. In current
study, the computational simulations were carried out in 3-dimentional, double precision,
pressure-based, absolute velocity formulation and implicit scheme. Detailed physical and

numerical key issues and computational parameters are presented in this chapter.

3.4.1 Model Setup

Setting an appropriate model for solving heat transfer problems is very important
for consistency and accuracy of results. Different settings of numerical model for this

study are presented in Table 3.3.
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Table 3.3 Model setting

Model Settings

Space 3D

Time Steady

Viscous Standard k-epsilon turbulence model

Viscous heating  Enabled

Energy Enabled

Radiation None

Other parameters Disabled

Model constants  C, =0.09, C;.=1.44, and C,. = 1.92
TKE Prandtl number = 1
TDR Prandtl Number = 1.3
Wall Prandtl number = 0.85

Energy Prandtl number = 0.85

3.4.2 Material Properties

An appropriate setup of material thermo-physical properties in CFD simulations is
a very significant matter, especially for heat transfer cases. Properties of all materials,
such as air, liquids, and solid are illustrated in this chapter.

(1) Material: air (fluid)

In all cases the numerical simulation is performed using air as the gaseous
medium flowing over the heat exchanger. This is a good representation of most typical
applications where a flow of air is used to remove heat from a device. As the thermo-

physical properties of air changes very little with a little changes in air-side temperature,
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the thermo-physical properties of air are considered constant and used the default values

of ANSYS FLUENT as presented in Table 3.4.

Table 3.4 Thermo-physical properties of air
Property Units Method Value(s)
Density kg/m3 constant 1.225
Cp (Specific Heat) j/kg-k constant 1006.43
Thermal Conductivity w/m-k constant 0.0242
Viscosity kg/m-s constant 1.7894e-05
Molecular Weight kg/kgmol  constant 28.966
L-J Characteristic Length angstrom constant 3.711
L-J Energy Parameter k constant 78.6
Thermal Expansion Coefficient, 1/k constant 0
Degrees of Freedom constant 0
Speed of Sound m/s n/a

(i) Material: Liquid (fluid) — Engine oil, automatic transmission fluid (ATF),
50% ethylene glycol, and water
Inside the channels four liquids, namely engine oil, ATF, 50% ethylene glycol,
and water are considered. These liquids are of interest as they have applications in
cooling in many industries, for example in automotive applications. The thermo-physical
properties including the thermal conductivity (k), specific heat (C,), density (p), and
dynamic viscosity (u) of liquids vary considerably with temperature. As the physical
properties of the working fluids especially liquids are temperature dependent, relevant

correlations are utilized to account for these properties,
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Thermophysical properties of liquids were composed from Ashrae (1997), CAN-

AM Instruments Ltd, Kemp and Linden (1990), and Shell Nederland. The piece-wise

linear relationship are considered for thermal conductivity (k), specific heat (C,), and

density (p) of the liquid fluids with temperature. Whereas, a polynomial approaches of

FLUENT is considered for the viscosity (1) of the each liquid with temperature. The

relationships among the thermo-physical properties of liquid fluids and temperature are

shown in Figs 3.7-3.11.
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Specific Heat [J/Kg.K]
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Figure 3.8. Variations of specific heat of different liquids with Temperature
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Viscosity [Kg/m.s]
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Figure 3.10. Variations of viscosity of water and 50% ethyline glycol with temperature
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(ii1) Material: aluminum (solid)

There is no significant change in physical properties, such as density, specific
heat, and thermal conductivity of aluminum with temperature within the range of the
operating conditions in the current study. Hence, the default values of aluminum

properties in ANSYS FLUENT are considered, which are shown in Table 3.5.

Table 3.5. Thermo-physical properties of aluminum

Property Units Method Value(s)
Density kg/m3 constant 2719
Cp (Specific Heat) jkg-k constant 871
Thermal Conductivity w/m-k constant 202.4

3.4.3 Boundary Conditions

The following boundary conditions are applied for the computational domain:

¢ Inlet working fluids: Mass flow rates and temperature were specified for both
liquid-side and air-side.

e Qutlet liquids: Outflow boundary condition was specified.

® Qutlet air: Outflow boundary condition was specified with following
computational parameters.

¢ Inlet and outlet manifolds and headers: Zero heat flux was specified.

e Serpentine: Zero heat flux was specified at outer and inner surface at the
serpentine bend.

e  Walls: wall the boundary condition was for test chamber walls.

Inlet boundary conditions of working fluids and wall boundary conditions for test

chamber walls are shown in Tables 3.6 and 3.7 respectively.
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Table 3.6. Inlet Boundary Conditions of Working Fluids

Parameters

Magnitudes

Inlet liquid temperature (°C)

76

Inlet liquid mass flow rates (g/s)

DI-water

09,1.3,1.8,2.2,2.6,3.1,3.5,18.8, 25.5,

33.7,39.4,47.3,51.6, 59.7, 66.1, and 76.0

50 % Ethylene glycol

2.6,39,5.2,65,7.8,9.1,104, 18.8, 25.5,

33.7,39.4,47.3,51.6, 59.7, 66.1, and 76.0

Automatic transmission fluid (ATF)

18.8,25.5,33.7,39.4,47.3,51.6, 59.7,

66.1, and 76.0

Engine oil

18.8,25.5,33.7,39.4,47.3,51.6, 59.7,

66.1, 76.0, 101.4, and 126.7

Inlet air temperature (°C)

14

Inlet air mass flow rate (g/s)

507
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Table 3.7. Wall Boundary Conditions

Wall thickness

Heat generation rate

Thermal BC Type

Free Stream Temperature (k)
Wall Motion

Shear Boundary Condition

Wall Roughness Constant

Convective heat transfer coefficient

0

0

0

1

300
Stationary
No slip

0.5

3.4.4 Solver Settings

e Type: Pressure-based

e Velocity formulation: Absolute

Other important computational parameters are presented in Table 3.8 and 3.9.

Table 3.8. Solver Setting

Relaxation

Variables Relaxation Factor
Pressure 0.3

Density and Body Forces 1

Momentum 0.7

Turbulent Kinetic Energy (TKE) | 0.8

Turbulent Dissipation Rate (TDR) | 0.8

Turbulent Viscosity and Energy 1
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Table 3.9. Linear Solver

Linear Solver

Variable Solver | Termination | Residual

Type Criterion Reduction
Tolerance

Pressure V-Cycle | 0.1

X, Y, and Z Momentum Flexible | 0.1 0.7

Turbulent Kinetic Energy (TKE) | Flexible | 0.1 0.7

Turbulent Dissipation Rate Flexible | 0.1 0.7

Energy Flexible | 0.1 0.7

Pressure-Velocity Coupling SIMPLE

Discretization Scheme

Pressure Standard

Momentum First Order Upwind

Turbulent Kinetic Energy (TKE) First Order Upwind

Turbulent Dissipation Rate (TDR) First Order Upwind

Energy First Order Upwind

Solution Limits

Minimum Absolute Pressure 1

Maximum Absolute Pressure Se+10

Minimum Temperature 1

Maximum Temperature 5000

Minimum Turbulent Kinetic Energy le-14

Minimum Turbulent Dissipation Rate le-20

Maximum Turbulent Viscosity Ratio le+12
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3.4.5 Residuals

The sum of the normalized absolute residuals in each control volume for the flow
and energy variables were reduced to le-04 and le-08 respectively when successive

iteration was stopped.

3.4.6 Solution Initialization: Standard Initialization

3.5 Governing Equations

Computational fluid dynamics (CFD) is basically based on the governing
equations of fluid dynamics. The physical phenomena of the fluid motion can generally
be defined in fundamental mathematical equations, usually in partial differential form,
which govern a process of interest and are often called governing equations in CFD. They
represent mathematical statements of the conservation laws of physics [Tu et al. 2008].

One of the most important steps of the modeling process is to characterize the
idealization of the physical reality by the governing equations of the problem. In fluid
dynamics, the Navier—Stokes equations are considered to be an appropriate representation
of the irrotational (without vorticity) flow of an incompressible fluid flow [Peiro and
Sherwin, 2005]. In current study, time-averaged instantaneous (exact) governing
equations of continuity, momentum, energy, turbulence kinetic energy, k, and rate of
dissipation, €, are used to the convective heat transfer and fluid flow problems based on

the key assumptions. In this section, a brief explanation of each equation is presented.
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3.5.1 Continuity or Mass Conservation Equation

The continuity or mass conservation equation used in ANSYS FLUENT is
2 +V.(pD) = Sp, 3.1)
where, p is density, t is time, V is velocity, and Sy, is mass source i.e. the mass added due

to vaporization of liquid droplets or condensation of air.

Based on the assumptions, the simplified form of continuity equation (Eq. 3.1) becomes
]
a—xi(Pui) =0 (3.2)

3.5.2 Momentum Equation

The conservation of momentum in an inertial (non-accelerating) reference frame

used in ANSYS FLUENT is
2 (p¥) + V. (p#¥) = —VP + V.(D) + pg + F (3.3)

where P is the static pressure, pg is the gravitational body force, and F is external
body force.

T represents the stress tensor and may be defined as
T =|(v + ") - 2v.51| (3.4)
where p, I, and the term (é V.¥I) represent the molecular viscosity, the unit

tensor, and the effect of volume dilation respectively.
According to the assumptions, the simplified form of momentum equation (Eq.
3.3)is

9 0 ou op 0 —
ox; (pujuy) = F (u 0—;;) ~om + o (—pw,u)) (3.5)
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3.5.3 Energy Equation

The energy equation is modeled according to the concept of Reynolds analogy to

turbulent momentum transfer used in ANSYS FLUENT is
(pE)+—[u (pE +P)] = (keffa +u;(7y5) ff)+5h (3.6)

where E, Kegr, and (1) s are the total energy, effective thermal conductivity, and
deviatoric stress tensor respectively.

The effective thermal conductivity, Kes is calculated as
Kefs = k + (3.7)

where k, is the thermal conductivity. The default value of the turbulent Prandtl
number, Pr is 0.85.
The deviatoric stress tensor, (Tij)efr represents the viscous heating and may be

defined as

_ auj ou; 2 duy
(Tijeft = Hog (6_xl- + 6_x]> = 3 Mgt (6_xk 5ij) (3.8)
Based on assumptions, the simplified energy equation (Eq. 3.6) can be written as

(puT)— (keffa + (7)) ff) (3.9)

3.5.4 Turbulent Kinetic Energy Equation, k

The general equation of turbulence kinetic energy, k used in ANSYS FLUENT is
52 (Pk) + 5 (k) = 5 | (U + 59 5| + G+ Gy — pe = Yy 5 (3.10)

where, G, represents the generation of turbulence kinetic energy due to the mean
velocity gradients,

Gy, is the generation of turbulence kinetic energy due to buoyancy,
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Yy represents the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate,

oy the turbulent Prandtl numbers for k and

Sy 1s the user-defined source term.

Based on assumptions, the simplified form of the turbulent kinetic energy

equation, k (Eq. 3.10) may be written as
9 I PRI 2 B
2 (plew) = | (u + 29 2] + G — pe G310
The term, G, may be defined from the exact equation for the transport of k as
— 7 0u;
G, = —pu, ]az (3.12)

3.5.5 Turbulent Energy Dissipation, &£

The turbulent energy dissipation rate, €, used in ANSYS FLUENT is
% (00) + 5 (pet) = 2| U+ 29 25| + Cre£ (Gu+ Ce6y) = Cop S+ 5 (313
at ax; dx; o’ 9x k
where, Cy., C5¢, and C3, are constants
o, the turbulent Prandtl numbers for € and
S¢ is user-defined source terms.
According to the key assumptions, the equation for the turbulent energy
dissipation (Eq. 3.13), may be simplified as
2 (peu) = o= | (4 + 2 25| 4 € £ 6= Caen S (3.14)
The turbulent (or eddy) viscosity, u; is computed by combining k and € as
pC - (3.15)

where, C, is a constant.
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3.6 Heat Transfer and Fluid Flow Fundamental Equations

3.6.1 Heat Transfer Rate (Q)

The steady state heat transfer between the hot liquid fluids and the cold air

through MICHX slab wall due to the forced convection is calculated as
Q; = mel(Ti,l - To,l)’ for liquid-side heat transfer rate (3.16)
and
Q, = mCp, (To,a — Ti,a), for air-side heat transfer rate (3.17)
where, Cp is specific heat and T is temperature. The subscripts /, a, i, and o stand

for liquid, air, inlet, and outlet respectively.

3.6.2 Heat Transfer Coefficient (h)

The heat transfer coefficient of the liquids, 4y, is estimated as

h =—2 (3.18)

= A(Tp-To)
where, A; is the heat transfer surface area, T is the liquid bulk temperature, and 7

is the inner surface or wall temperature of the channel.

3.6.3 Heat Balance and Mass Balance

In numerical computations, errors may occur because of round-off, truncation,
and discretization errors. Errors arise due to the storage and processing of numerical data.
It is impossible to denote all real numbers, which have infinitely many digits, exactly on
a machine with finite memory. Once an error is made, it may accumulate in certain cases
and usually propagates through the calculation.

The errors in heat balance (HB%) and mass balance (MB%) are evaluated as

HB% = (Q-Qa)x100 (3.19)

Qavg
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and

MB% = (3.20)

mj)
where, Q,is the liquid-side heat transfer rate in w,
Q. is the air-side heat transfer rate in w,
Qavg 1s the average heat transfer rate,
m; ; is the inlet-liquid flow rate in kg/s, and
m,,; 1s the outlet-liquid flow rate in kg/s.
The effective or mean heat transfer rate (Qqyg) is defined as the arithmetic

average of liquid-side and air-side heat transfer rates which is calculated as

Qavg = 25 (3.21)

3.6.4 Mean Average Errors (%Error)

The errors in simulation results with compared to experimental results for above

mentioned parameters are calculated as

%Error inT,, =<3 'T”-e;”‘T"'l-"“m' x 100% (3.22)
ol_exp
. 1 |To,a_exp —To,a_num |
%ErrorinT,, = NZ - X 100% (3.23)
0,a_exp
. 1 | Tser_exp—Tser num |
%Error in Ty, = NZ . X 100% (3.24)
s_exp
%Error in AP, =<3, 'Apl-ez’;’“l-"“ml x 100% (3.25)
lexp

where, T is temperature, AP is pressure drop, and subscript o, 1, a, ser, exp, and

num stand for outlet, liquid, air, serpentine region respectively.
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3.7 Dimensionless Fluid Flow and Heat Transfer Parameters

Many dimensionless parameters are generally used in fluid mechanics to
characterize the heat transfer and fluid flow behavior. Some important dimensionless
parameters associated with heat transfer and fluid flow, which are used in current study,

are briefly described in this chapter.

3.7.1 Reynolds Number (Re)

Reynolds number (Re) is a very significant parameter in fluid mechanics. It is
named after the British engineer and physicist, Osbourne Reynolds. It is defined as the
ratio of inertia force to the viscous force and used to characterize the nature and flow

regime of fluids. The general expression of Reynolds number is

__Inertia force _ pVZA _ pVL _ pVDgp

" viscous force K4 T P (3.26)
For circular channel with diameter, D_j, Eq. 3.26 can be rewritten as
Re = pVDCh = 4ml (3'27)

u Ny cp™Den
It specifies the flow characteristics, such as laminar, transitional, or turbulent
regime. In a flow, usually the fluid viscous force acts for managing stability of flow,
while fluid inertia is liable for disorganizing the flow. For small Reynolds numbers, the
inertial is not that significant, therefore the flow is laminar and smooth. On the other
hand, for high Reynolds number, the inertia plays an important role, and it is dominant.

As a result, the flow is turbulent.
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3.7.2 Prandtl Number (Pr)

The Prandtl number (Pr) is a dimensionless number, which is widely used in heat
transfer approximations. It is named after the German physicist Ludwig Prandtl. It is
defined as the ratio of momentum diffusivity (kinematic viscosity) to the thermal
diffusivity and expressed as

__ Momentum dif fusivity _ v

vy () = B
br= Thermal dif fusivity a ( /P)/<pcp) -7 (3.28)

where, v = kinematic viscosity = -,

o_I=

. . k
a = thermal diffusivity = —,
Pcp

u = dynamic viscosity,
k = thermal conductivity
Cp = specific heat, and
p = density.
The Pr is related to viscosity, specific heat, and thermal conductivity of fluid, and
describes the development of thermal boundary layer thickness on the heat transfer
surface. The thermal boundary layer is a barrier to the heat transfer. Smaller Pr means

that the heat diffuses very quickly than the velocity (momentum).
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3.7.3 Brinkman Number (Br)

The Brinkman number (Br) is a very significant dimensionless number for
viscous fluids like engine oil and ATF. It is the measure of viscous heating relative to the
conductive heat transfer of fluid flowing through the channel. It is defined as the ratio of
the heat generated by viscous dissipation to the heat transferred from the wall to the fluid

or vice versa depending on fluid heating or cooling. The Br is expressed as

Viscous dissipation _ uv?

Br =

" Thermal conduction K(Tm,1—Ts)

(3.29)

Viscous heating is important, when Br > 1.

The Br shows the importance of the temperature rise in the fluid due to viscous
dissipation. It has a significant influence on viscous dissipation, which may be very
significant for high-viscosity and low specific heat capacity fluids even in relatively low

Reynolds number flow [Koo and Kleinstreuer, 2004].

3.7.4 Nusselt Number (Nu)

Nusselt number (Nu) was named after a German Engineer Ernst Kraft Wilhelm
Nusselt. It is a very important dimensionless parameter in convective heat transfer fields,

and is generally expressed as

Convective heat transfer coef ficient hL
Nu = b (3.30)

conductive heat transfer coef ficient Tk

It depends on channel geometry, fluid heat transfer coefficient, and conductivity.

For a circular geometry channel, L = D_;. Therefore, the expression for Nu becomes

Nu = % (3.31)

where, L is the characteristics length, D, is the channel diameter, h is the heat

transfer coefficient, and k is the thermal conductivity of liquid at bulk temperature.
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CHAPTER 1V
ANALYSIS OF RESULTS

The main goal of the current study is to numerically investigate the heat transfer
and fluid flow key parameters of different viscous fluids, namely engine oil, automatic
transmission fluid (ATF), 50% ethylene glycol, and DI-water. In order to successfully
achieve the study goal, the fluid flow behavior and convective heat transfer phenomena
of the four liquids were numerically examined very carefully. The important parameters
of the heat transfer and flow fields, such as, flow and temperature distributions, heat
transfer rate, Reynolds numbers, heat transfer coefficient, Nusselt numbers, and Prandtl
number of all these liquids were computed cautiously. Pressure drop and friction factor of
the MICHX were also investigated.

The numerical simulations were performed at constant inlet liquid and air
temperature of 76°C and 14°C respectively. The hot liquids at different mass flux of
engine oil, automatic transmission fluid (ATF), 50% ethylene glycol, and DI-water were
varied from 353 — 3796, 353 — 1423, 49 — 1423, and 17 — 1423 respectively. The
ranges of Reynolds numbers for the four liquids computed at their corresponding bulk
temperature were as 17 — 235, 27 — 131, 33 — 1439, and 34 — 3802. All four liquids
were cooled with a constant air flow rate of 0.507kg/s.

The Prandtl numbers of engine oil, ATF, 50% ethylene glycol, and DI-water at
bulk temperature were varied from 261 — 334, 152 — 180, 7.3 — 11.1, and 2.33

respectively.
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4.1 Verification of Numerical Results

In order to ensure the model was a good representation of reality, two categories
of checks were performed. That included a numerical verification where the model was
checked numerically to ensure accuracy and consistency. Once that was ensured, a
selected set of the results were compared with experimental measurements to ensure good
real-world agreement. The numerical verification was performed in a few ways.

Firstly, a grid dependence study was performed in order to ensure that the grid
was fine enough to properly capture the features of the fluid flow and thermal fields. Four
different grid systems (GS) were generated and compared for the numerical simulations.

The results are presented in Fig. 4.1.
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Figure 4.1. Heat transfer (Q) rate and pressure drop (AP) in different grid systems
The relative variations in the heat transfer and pressure drop between different

grid systems are shown below;
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Grid Systems [%] Variations in Q [%] Variations in AP
GS1 & GS2 12.28 20.00
GS2 & GS3 6.54 8.89
GS3 & GS4 291 2.04

Since the variations in heat transfer rate and pressure were found to be less than
3% between grid system 3 & 4, the GS4 which included about 5.45x10° grid cells was
finally considered in all of the numerical simulations.

Other verification checked relate to overall mass and heat balance of the system.
According to the law of conservation of mass and energy, the mass of an isolated system
will remain constant over time and the heat transfer should ideally be the same for both
liquid-and air-sides. Whereas, in numerical results it is observed the relationship are
Mi,l * Mo‘l and Q; # Q,. The errors in heat balance and mass balance were calculated by
using Eqgs. 3.19 and 3.20. The errors observed in numerical simulations are mainly due to
the rounding off the numbers because it is not possible to symbolize all real numbers
exactly on a machine with finite memory. Some computational issues such as quality of
meshes and residuals are also accountable for this error. The overall error in heat balance
in all cases considered in this study was found in a range of +1.03%, which is very
acceptable. Similarly, the error in mass balance was calculated, which was found in the
range of £0.04%. This range of error is very acceptable as well. The computed results are

shown in Figs. 4.2 and 4.3.
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Figure 4.2. Percentage of errors in mass balance with mass fluxes
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Figure 4.3. Percentage of errors in heat balance with mass fluxes

4.2 Validation of Numerical Results with Experimental Measurements

Once the model was shown to be numerically consistent, it was validated by
comparing its predictions against experimental measurements. The heat transfer results in
serpentine slab for 50% ethylene glycol and DI-water are compared. The comparisons

between the numerical results and experimental measured data were evaluated for the
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liquid-side outlet temperature, air-side outlet temperature, liquid-side pressure drop, and
average surface temperature around the serpentine of the MICHX slab as a function of

liquid-side Reynolds number. They are presented in Figs. 4.4-4.7.

—o— Experimental-Water Numerical-Water
—— Experimental-Glycol —®—Numerical-Glycol
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Figure 4.4. Variations of outlet temperature of liquid with Re;
—o— Experimental-Water Numerical-Water
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Figure 4.5. Variations of outlet temperature of air with Re,
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Figure 4.6. Variations of temperature around the serpentine region with Re;
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Figure 4.7. Variations of liquid-side pressure drop with Re,
For water and ethylene glycol, percentage of mean average errors (%MAE) in
simulation results were evaluated for liquid outlet temperature, air outlet temperature,
temperature around the serpentine region and liquid-side pressure drop by using the Egs.

3.22,3.23, 3.24, and 3.25 respectively. Evaluated errors are shown in Figs. 4.8-4.11.
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Figure 4.8. Percentage of mean average errors in liquid outlet temperature
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Figure 4.9. Percentage of mean average errors in air outlet temperature
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Figure 4.10. Percentage of mean average errors in serpentine temperature
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Figure 4.11. Percentage of mean average errors in liquid-side pressure drop
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Mean average errors obtained from the model are summarized in Table 4.1.

Table 4.1. %Errors in numerical results compared to measured data
Parameters For DI-water Glycol-water mixture

% Error in AT, 0.71 1.61

% Error in AT, , 1.24 2.71

% Error in Tse, 0.89 2.89

% Error in AP, 10.49 10.21

The Table 4.1 shows that the error in pressure drops is about 10%. One of the
main reasons of having such an error is the uncertainty of pressure transducers used in the
experimental set up. For the same test specimen, Khan (2011) found that the uncertainties
in pressure drops for water and glycol-water mixture were + 5.7% and #6.7%
respectively.

Numerical results of above mentioned parameters show a very good agreement
with experimental measured data, and one can easily rely on the consistency and
accuracy of the model. Therefore, the results obtained from the numerical simulation can

be used to study the thermal and fluid flow behaviors of MICHX.

4.3 Heat Transfer Basic Parameters

The heat transfer performance of any heat exchange process is related to some
basic parameters, which govern the heat-transfer phenomena. Some of these are

described in this section.
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4.3.1 Liquid-side Inlet to Outlet Temperature Differences

The relationship between the liquid mass flux and inlet to outlet temperature
difference are presented in Figure 4.12. Expectedly, the liquid-side temperature drop
(AT;) deceases with the increase of the liquid-side mass flux (G;). The relationship

followed a power law trend with a negative exponent with R? > 0.988 as

AT,; = 2221.4G,7°° (4.1)

ATur = 2824.8G5 5" 4.2)

AT, = 3129.2G; 85" (4.3)
and

AT, = 2969.9G,8% (4.4)

where, the subscripts oil, atf, g, and w represent engine oil, ATF, 50% ethylene

glycol, and DI-water respectively.

¢ Engine Oil *xATF ©50% Ethylene Glycol Water
24 -
T, = 76°C
20 - T,, = 14°C
16 - M, , = 0.507kg/s
3
et 12 .
5
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4 .
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Figure 4.12. Variations of liquid-side temperature drop with liquid mass flux
In current study, both liquid-side and air-side inlet temperatures were maintained

constant. As a result, the outlet temperature of the liquid was indicated by the heat
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transfer mechanism. At lower G;, the liquid residence time inside the channel is greater
compared to the liquid residence time at higher G;. The excessive residence time allows
the liquid to drop more temperature at lower G; than at higher G;. Consequently, the
outlet temperature becomes lower at lower G; and higher at higher G, triggering the inlet-
to-exit temperature difference to be lower at higher G; and vice versa.

From Fig. 4.12, for a particular liquid mass flux, it is obvious that (AT;),; >
(AT)g¢f > (AT 4 > (AT)),,. Basically, this is due to the effect of the dynamic viscosity
and its dependency on temperature. It is also apparent that for a constant liquid inlet
temperature of 76°C, air inlet temperature of 14°C, and 353 < G; < 1423, the liquid-side
temperature drop due to the cold air varies from 8-24°C, 7-23°C, 5-17°C, and 4-15°C for
engine oil, ATF, ethylene glycol, and DI-water respectively as shown in Fig. 4.11. For
the mass flux greater than approximately 1200kg/s, the temperature drop in engine oil,
ATF, 50% ethylene glycol, and DI-water were found to bel.8, 2.0, 1.3, and 1.1°C
respectively. It indicates that the liquids have already reached their maximum heat

capacity i.e. they are almost thermally saturated.

4.3.2 Air-side Inlet to Outlet Temperature Differences

Figure 4.13 shows the variations of air-side inlet to outlet temperature with
respect to liquid mass fluxes. From Fig. 4.13, it is evident that there is no significant
change in the outlet temperature of the air with the change in the liquid mass flux,
especially at higher mass fluxes of liquids. However, for the same liquid mass flux (G;),
(AT ) o < (AT aer < (ATg)g < (ATy),,. As air flows at high velocity, it has a little
time to stay in contact with the MICHX slab. As a result, the temperature rise in the air-

side is very small. It is found that for a specified liquid mass flux of 1423kg/m’s, the air-
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side temperature rise due to engine oil, ATF, 50% ethylene glycol, and DI-water varies

from 1.75-2.28°C, 1.79-2.30°C, 2.17-2.55°C, and 2.25-2.61°C respectively.

6 -
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® 50% Ethylene Glycol Water

T, = 76°C
T,. = 14°C
M, , = 0.507kg/s

600 800 1000 1200 1400 1600

G, [kg/m?.s]

Figure 4.13. Air-side temperature differences with liquid mass flux

4.3.3 Non-dimensional Temperature
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Figure 4.14. Variations of dimensionless temperature with liquid mass flux
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T

. C e . A .
The variations of liquid-side dimensionless temperature(AT ) are plotted against

max
liquid mass flux (G;) as shown in Figure 4.14. The dimensionless temperature is defined
as the ratio of the liquid-side temperature drop to the maximum temperature difference
between liquid-side and air-side inlet temperatures. Therefore, the dimensionless

temperature is evaluated as

AT] — Ti,l_TO,l (4 5)
ATmax Ti,l_Ti,a )

Among the three temperatures, T;;, T, ;, and T; 4, in the right side of Eq. 4.5, T;
and T; 4, , are constant. Only the T, ,; term is governed by the heat transfer. Figure 4.13
shows that the dimensionless temperature decreases with the increase in mass flow rate as
well as liquid mass flux which follows a power law relationship with a negative
exponent. Moreover, it is evident that at lower mass flow rate (lower G;) , the curve slope
is steeper compared to higher G;. It indicates that at low mass flux of liquid, heat transfer

performance is comparatively higher than high mass flux due to heat transfer saturation.

A
> (—Tl ) >
ATmax atf

For a particular liquid mass flux, the fluids behaves as ( an )

Tmax oil

(ﬂ) > (ﬂ) .thermo-physical properties, especially dynamic viscosity of liquid
ATmax g ATmax/

play the main role in this behavior.

4.3.4 Liquid-Side Pressure Drop

The overall pressure drop in a MICHX depends on the channel geometry and the
fluid types. For a particular MICHX, viscosity of different liquid plays a very significant
role on the pressure drop inside the channels. The variations of liquid-side pressure drop
(AP) are plotted in Figure 4.15. Results show that the pressure drop in the liquid side is

extremely higher in engine oil than DI-water. As expected, AP increases with increasing
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liquid mass flux, and for a particular liquid mass flux, the relation is APy;; > APy >
AF; > AP, In addition, the curve slope for highly viscous fluids is steeper compared to
low viscous fluid. The relationship between pressure drop and liquid mass flux follows

power law as:

AP,; = 2.74GJ3% (4.6)
AP = 4.60635’37 4.7)
AP, == 0.007G£}'291 (4.8)
and
AP, = 5x107*GL>%7 4.9)
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Figure 4.15. Variations of liquid-side pressure drop with liquid mass flux

It is seen that the pressure drop in MICHX for highly viscous fluids is
significantly higher than that of the low-viscous fluids. For a particular liquid mass flux
of 1423kg/m’s, the liquid-side pressure drop of engine oil is 2.3, 11.80, and 16.9 times

higher than the pressure drop of ATF, 50% ethylene glycol, and DI-water respectively.
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This necessitates a more powerful pump for potential applications, which makes viscous

fluids, especially engine oil unattractive for use in a MICHX.

4.3.5 Liquid-Side Heat Transfer Rate

The variations of liquid-side heat transfer rate (Q;) with liquid mass flux (G,) and

liquid-side Reynolds number (Re;) calculated at a bulk temperature are presented in Figs.
4.16 and Fig. 4.17. From the plots, it is obvious that the heat transfer rate increases with
the increase in liquids mass flux as well as Reynolds number. The dependency of liquid-
side heat transfer rate on G; and Re; could be described by power law with positive
exponent.
Figure 4.16 shows that for a particular liquid mass flux, (Q)eu < (Q)atr < (Qg <
(Q)w. However, for a particular liquid-side Reynolds number, (Q;)oiy > (Q))aer >
(QDg > (Q)w as shown in Fig. 4.17. These phenomena can play a significant role in
performance in potential automotive and other industrial applications.

The plots are steeper at lower mass flux than higher mass flux of liquid. For the
mass flux greater than about 1200kg/s, the liquids temperatures drop in all liquids were
found very small, which is described in section 4.3.1. Similarly, Fig. 4.16 also shows that
for mass flux above 1200kg/s, the heat transfer rate of all liquids are negligible, which

specifies their thermally saturated condition at that point.
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Figure 4.16. Variations of heat transfer rate with liquid mass flux
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Figure 4.17. Variations of heat transfer rate with liquid-side Reynolds number

4.3.6 Effect of Liquid Mass Flux and Reynolds Number on Brinkman Number

Viscous heating is important for a larger value of Brinkman number. It can
directly affect the film temperature (Ty) of the liquid when Br > 1, which is found in

engine oil for Reynolds number greater than 100. The Brinkman numbers (Br) of
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different liquids were calculated based on Eq. 3.22. Since Br is directly proportional to
the dynamic viscosity of a liquid, it generally becomes higher with highly viscous fluid
triggering higher viscous dissipation. Under some situations, viscous dissipation may lead
to a significant variation in flow and temperature field, which can be the source of flow
instability, hydrodynamic thermal explosion, and oscillatory motion (Bastanjian et al.,
1965 and Gruntfest, 1964). Both Fig. 4.18 and 4.19 show that Br; increases with

increasing both G; and Re;, which follows a power law relationship.
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Figure 4.18. Effect of mass fluxes on Brinkman number
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Figure 4.19. Effect of Reynolds number on Brinkman number

In the current study, within the G; range of 353-1423kg/s, the Br of engine oil,
ATF, 50% ethylene glycol, and DI-water varies from 2.8 x 107%%2~4.,6 x 107°%,
1.5% 10792 ~2.6 x 107°1, 45%x 107%4~9.5x 107°, and 1.5 X 107%4~3.5 x 1073,
respectively. In this case for 49 < Re,; < 144, 53 < Regr < 131, 50 < Rey < 155,
and 51 < Re,, < 140, the corresponding Br; of four liquids are 0.2 to 1.5, 4.7 X
10792~0.26, 8.8 X 10796~1.2 x 107%%, and 2.1 X 107%7 ~ 1.9 X 10796, A comparative
statement of the results obtained from the current study with Tso and Mahulikar (2000)

is presented in Table 4.2.
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Table 4.2. Comparison of Br; between current study and others

Study Working Fluids | B. C. | Re Brinkman Number
Current study Engine Oil T 49-144 1 0.2~ 1.5
ATF T 53-131 | 4.7x10°~0.26

Ethylene Glycol | T 50-155 | 8.8x10°~1.2x10"

DI-water T 51-140 | 2.1x107~1.9x10°

Tso and Mahulikar (2000) | DI-water H 80-107 | 10° ~10°

4.3.7 Liquid-Side Convective Heat Transfer Coefficient

Convective heat transfer coefficient of different liquids for different liquid mass
fluxes and Reynolds numbers are shown in Fig 4.20 and 4.21 respectively. From Fig.
4.20, it is evident that at lower fluxes gain in & with increasing flux is greater than higher
fluxes. Plot 4.20 also show that for a particular liquid mass flux, hy; < hger < hy < hy,.
It is also obvious that there is no remarkable difference in heat transfer coefficient of
ATF and engine oil. Fig. 4.20 shows that for a particular liquid mass flux of 1423kg/mzs,
the heat transfer coefficient of water is approximately 22.79%, 63.71%, and 64.44%

higher than ethylene glycol, ATF, and engine oil respectively.
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Figure 4.20. Variations of heat transfer coefficient with liquid mass flux
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Figure 4.21. Variations of heat transfer coefficient with liquid-side Reynolds number
On the other hand, for a specified Reynolds number, the relationship is h,;; >
haty > hg > hy, as presented in Fig. 4.21. Results show that for a specified Reynolds

number of 140, the heat transfer coefficient of engine oil is approximately 21.77%,
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38.71%, and 84.05% higher than ATF, ethylene glycol, and DI-water respectively. This is
due to the viscous effects of different liquids on convective heat transfer coefficient.
The relationship between the convective heat transfer coefficient and Reynolds

number follows the power law as

hoy = 171.41Re2;3%* (4.10)

haer = 160.30Re;y> 4.11)

h, = 0.98Re; 3?2 (4.12)
and

h, = 0.25Re}3*> (4.13)

4.3.8 Liquid-Side Nusselt Number

Variations of liquid-side Nusselt numbers with respect to mass fluxes and
Reynolds numbers are presented in Fig. 4.22 and Fig. 4.23 respectively. Results also
show that Nuy; < Nugs < Nug < Nuy,, for both constant mass flux and Reynolds
number. In this case for 353 < G; < 1423kg/m?s, the Nusselt number of engine oil,
ATF, 50% ethylene glycol, and DI-water range from 3.84~7.09, 3.43~6.23, 2.48~4.40
and 2.21~3.96 respectively While, Fig. 4.23 shows, for 50 < Re; < 150, the Nusselt
number of engine oil, ATF, 50% ethylene glycol, and DI-water vary from 6.21 <
Nuy; < 9.25, 4.56 < Nugr < 6.23, 0.38 < Nuy, < 1.64, and 0.08 < Nu, < 0.30
respectively.

The relationship between Nusselt number and Reynolds number follows the
power law as:

Nu,; = 1.29Rel;°° (4.14)

Nugr = 1.02Re;7>° (4.15)
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Nu, = 2.2 X 10‘3Regl'315 (4.16)
and
Nu,, = 4 x 10"*Rel3*3 (4.17)
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Figure 4.22. Variations of liquid-side Nusselt number with liquid-side mass flux
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Figure 4.23. Variations of liquid-side Nusselt number with Re;
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4.4 Thermal and Flow Fields in MICHX

To understand the performance of MICHX, the flow and thermal behavior of

different liquids in channels are explained in this section.

4.4.1 Centerline Temperature in the First, Middle, and Last Channels

In order to closely study the flow behavior inside the heat exchanger, temperature
of engine oil in individual channel is closely examined. The temperature value of interest
is at the center-line of the first, middle and last channels. The distribution of this
temperature value is shown in Fig. 4.24 for individual channel of both top and bottom
slabs. It is important to note that the channels are numbered from 1 to 68 based on the
direction of the air cross-flow. This means channel 1 refers to the first channel that is
exposed to the cross-flow, and channel 68 is the last. In other word, channel 68 refers to
the first one from the liquid inlet boundary, while channel 1 refers to the last. It is evident
for all channels that as engine oil are moving forward along the length of each channel,

its temperature is decreasing gradually.

¢ Channel#1 A Mid-channel Channel # 68
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Figure 4.24. Centerline temperature of engine oil in 1*", middle, and last channels

Mohammed Ismail. M. A. Sc. Thesis 2012. Dept of Mechanical Automotive & Materials Engineering, University of Windsor, Canada 83



Numerical Investigation on Heat Transfer and Fluid Flow Behaviors of Viscous Fluids through Minichannel Heat Exchanger

The plot also shows that the temperature of the liquid in the first channel is lower
than the temperature of liquid in the middle channel, which is in turn lower than that of
the last channel. This is understandable since the cross-flow air will gradually warm as it
travels across the channels and hence less effective at cooling the subsequent channels.
This effect is more visible as the liquid travels along the channels. As a result, even
though there is no temperature difference between the first and the last channel at the
entrance of the top slab, the temperature difference between first and last channels is
significantly higher in the bottom slab. The temperature difference between inlet and

outlet of serpentine is found higher in 1* channel compared with mid-and last channels.

4.4.2 Distributions of Mass Flow Rate in Each Channel

The mass flow rate of liquids, for a constant liquid mass flux of 1423 kg/m’.s,
through all the 68 channels in the multi-port serpentine slabs are shown in Fig. 4.25. As
shown in Fig. 4.25, it is obvious that the mass flow rate of liquids is higher in the
channels closer to the liquid inlet port than the channels farther to the liquid inlet port.
This was previously explained in relation of channel numbers to the direction of the
cooling air flow. Results show a little scattered mass flow rate of DI-water, which is
speculated to relate to its low viscosity. It is also evident that the distribution of mass
flow rate through each channel is more even for highly viscous fluids, such as ATF and
engine oil, compared to low-viscous fluids, such as DI-water and ethylene glycol. It is
also found that the entrance region effects in mass flow rate for highly viscous fluid
especially, engine oil is negligible. These effects are observed significantly higher for DI-
water than ethylene glycol, ATF, and engine oil. This behavior can make the performance

of highly viscous fluids more predictable.
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Figure 4.25. Distributions of liquids mass flow rates over 68 channels

4.4.3 Variations of Temperature Drop in Each Channel

The temperature drops of different liquids, for a constant liquid mass flux of 1423

kg/m?s, in all the 68 channels in the MICHX slabs are shown in Fig. 4.26.
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Figure 4.26. Variations of liquid-side temperature drops through 68 channels
It is evident from the figure that the temperature drop (AT) decreases in the direction of

the cooling air cross flow. The deviations in AT between channel # 1 and channel # 68
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are 3.61, 2.58, 2.98, and 2.29°C for water, ethylene glycol, ATF, and engine oil

respectively.

4.4.4 Variations of Heat Transfer Rate in Each Channel

The liquid-side heat transfer rate, for a constant liquid mass flux of 1423 kg/m’s,
in all the 68 channels in the MICHX slabs are shown in Fig. 4.27. It is obvious that the
heat transfer rate gradually decrease in the direction of the cooling air cross flow. The
respective heat transfer rate of 50% ethylene glycol, ATF, and engine oil are 27%, ---%,

and 43% lower than that of DI-water as shown in Fig. 4.26.
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Figure 4.27. Distributions of liquids heat transfer rate through 68 channels

Mohammed Ismail. M. A. Sc. Thesis 2012. Dept of Mechanical Automotive & Materials Engineering, University of Windsor, Canada 86



Numerical Investigation on Heat Transfer and Fluid Flow Behaviors of Viscous Fluids through Minichannel Heat Exchanger

4.4.5 Liquid Velocity along the Centerline of the Mid-Channel (Channel # 35)

The velocity profiles of different liquids along the centerline of the middle

channel (channel # 35) are shown in Fig. 4.28.
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Figure 4.28. Velocity profile along the centerline of the mid-channel (channel # 35)

Figure 4.28 shows the variations of centerline velocity of different liquids along
the flow direction for Rey; = 83.94,Rey s = 130.53, Re; = 1438.54, and Re,, =
3802.12. As seen in Fig. 4.28, when liquids flow through the channels, hydrodynamic
boundary layers develop along the top and bottom channels. It is found that the
hydrodynamic developing length is shorter and flatter in the top slab compared to those in
the bottom slab. Results also show that the entrance lengths of highly viscous liquids like
engine oil and ATF are shorter than those of low viscous liquids like ethylene glycol and
DI-water. Liquid viscosity plays the most important role for these phenomena. This is
because Renolds number is a function of viscosity, and for a particular liquid mass flux,
Re,;; < Reqir < Rey < Rey,. In case of engine oil, ATF, and 50% ethylene glycol, the

flow becomes hydrodynamically fully developed before entering to the serpentine bend
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from the top slab as well as before leaving from the bottom slab to the outlet header.
While DI-water is hydrodynamically developing throuh out the length of the channel. It is
also noticeable that the the new entrance length after the serpentine bend is not the same

as those of the entry to the channel from the header at the beginning.

4.4.6 Variations of Dimensionless Temperature along the Mid-channel
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Figure 4.29. Variations of dimensionless temperature along the mid-channel (Ch. # 35)

Tc,l_

The variations of liquid-side local dimensionless temperature, TS along the

Tm1—Ts

channel length for a particular liquid mass flux of 1423kg/m’s are shown in Fig. 4.29. It
is seen that liquids build a new thermal boundary layer when entering to the bottom slab
from the serpentine due to the adiabatic serpentine. Since the serpentine is well insulated,
and it is isolated from the heat transfer test chamber, no heat is being carried away from
the hot fluids. Therefore, the serpentine surfaces are considered adiabatic. At serpentine
region, the heat transfer from the hot fluid to the solid walls takes place by axial

conduction.
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4.4.7 Temperature Distributions along the Mid-channel
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Figure 4.30. Variations of liquid-side local temperature along the mid-channel (Ch. # 35)

Figure 4.30 shows the local fluid mean temperature in the middle channel
(channel # 35) channel along the direction of streamlines. Results show that the inlet of
the MICHX channels, the temperatures of engine oil, ATF, 50% ethylene glycol, and DI-
water are 74.59, 74.79, 75.64, and 75.76°C respectively. While a constant inlet
temperature of 76°C was specified in inlet boundary condition, which is located at the
inlet of the inlet manifold. Even though, it was specified that the inlet header and inlet
manifold are thermally well insulated and adiabatic, it is evident that temperatures of
engine oil, ATF, 50% ethylene glycol, and DI-water drop 1.41, 1.21, 0.36, and 0.24°C
during traveling this distance due to thermal conduction of aluminum.

The reason of considering inlet boundary condition at the inlet manifold is to
match the inlet boundary conditions of numerical simulations with experiment
conditions. Another reason is to avoid the complicacy of 68 inlet boundary conditions for

68 channels. Expectedly, results also show that the liquids temperatures decrease due to
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the contact of cold air as they pass through the channels. However, the temperature of
liquids increase at the serpentine because of the accumulation of heat from the liquids as
there is no contact of cold air. The accumulation of heat at the serpentine takes place
because the serpentine part is thermally well insulated. The rise of liquid temperature
starts at 5-20mm ahead of the serpentine.

It is observed that in the top slab, the temperature falls down into 69.78°C,
69.86°C, 72.43°C, and 72.97°C for engine oil, ATF, 50% ethylene glycol, and DI-water
respectively. Then liquid temperature increases up to 70.92°C, 71.11°C, 72.99°C, and
73.35°C in the serpentine region. After that, liquid temperature gradually decreases along
the bottom slab and reached to 67.01, 67.16, 70.34, and 71.02°C. Finally, again the
temperature of liquid increase a little before leaving from the channel to the adiabatic
outlet header. For a particular liquid mass flux, it is evident that temperature drop in
highly viscous liquids, such as engine oil and ATF is higher than that of low viscous
liquids, such as ethylene glycol and DI-water as Re,;; < Req s < Rey < Rey, . Even
though, the flow of engine oil, ATF, and 50% ethylene glycol become hydrodynamically
fully developed at some distance, they are still thermally developing throughout the
length of channel. It is also evident that the steepness and the entrance length of thermally
developing flow are higher in highly viscous liquids compared to those of low viscous

liquids.
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4.4.8 Variations of Wall (Surface) Temperature along the Mid-channel
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Figure 4.31. Variations of wall temperature along the mid-channel

Figure 4.31 shows the local wall (inner surface of channel) temperature in the
middle channel (channel # 35) in the flow direction for same liquid mass flux but various
Reynolds number. Behavior of surface temperatures at the inlet of middle channel is
observed similar to that of liquid temperature at the same channel. This is due to the axial
thermal conduction, which is explained in section 4.4.7. It is obvious that the surface
temperature of the channel decreases as it travels through the channel. Similar to the
liquid local mean temperature, the inner surface temperature of channel wall is thermally
developing throughout the length of channel.

From Fig. 4.31, it is clear that the entrance condition from the inlet header to the
top slab at the beginning differ from the new entry condition from serpentine to the
bottom slab. Since the serpentine is well insulated and located at the outside of the test
chamber, the outer surface of the MICHX at the serpentine are adiabatic. As a result, the

heat is conducted from the hot liquids to the solid walls to become thermally equilibrium,
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and the local wall temperature increases at the serpentine region. The surface temperature
is higher for low viscous liquids, such as DI-water and 50% ethylene glycol compared to

those for highly viscous liquids.

4.4.9 Local Heat Transfer Coefficient of Liquids along the Mid-channel
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Figure 4.32. Local heat transfer coefficient of liquids through the mid-channel

Figure 4.32 shows the variations of the local heat transfer coefficient of different
liquids flowing through the middle channel (channel # 35) for a particular liquid mass
flux of 1423kg/m’s, while the Reynolds number are different for different liquids. Even
though there is no significant difference between the local heat transfer coefficient ATF
and engine oil, the relationship among them are (h;),, > (h;)g > (h)qer > (hy)oir- The
nature and steepness of the local heat transter coefficient for different liquids are different
from each other. The steepness of the curves at the entrance to the top slab from the
header and to the bottom slab from the serpentine is high. Then the steepness gradually
reduces. About 5-20mm before the serpentine, the heat transfer coefficients start increase

rapidly.
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It was seen that both hydrodynamic and thermal boundary layer break at the
serpentine region and generate a new boundary layer at the beginning of the bottom slab.
This phenomenon is more obvious for low viscous liquids. Since the serpentine surface of
the MICHX is adiabatic, no heat transfer is carried away at this region. The heat is
transferred from the hot fluid to the solid walls to become thermally equilibrium. The
existence of serpentine significantly enhances the heat transfer coefficient as clearly

presented in Fig. 4.32.

4.4.10 Nusselt Number Correlation

The Nusselt number (Nu)) of different liquids was calculated based on Eq. 3.31. Since the
viscosity of working liquids are temperature dependent, the Nu; was corrected with

viscosity ratio as

n
Nu,, = Ny, (‘;—’:) (4.18)

where, Nuy is the corrected Nusselt number of liquids,
Um and pr are the dynamic viscosity of liquids at mean and film
temperature respectively, and
There is no exact value of exponent n. In the current study, 0.14 was considered because
most of the authors including Kumar et al. (2007), Shah and Sekulic (2003), and Kays
and London (1998) used n= 0.14 in their researches. The effects of Re; on Nu; are shown
in Fig. 4.33. The dashed lines represent the corrected Nusselt number (Nuy) of different
liquids. From Fig. 4.33, it is obvious that the Nuy is slightly lower than Nu; for high
viscosity fluids like ATF and engine oil. However, there is no deviation between Nu; and

Nuy, for low viscosity fluids like water and ethylene glycol. Since the wall temperature is
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lower than the fluid mean temperature, the pg>p,, This is why the dashed lines are

slightly lower than the solid lines of original Nu,.
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Figure 4.33. Effect of liquid-side Reynolds number on Nusselt number
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Figure 4.34. Nu; — Pr; — Re; correlation
Nusselt number is also dependent on Reynolds number and Prandtl number. Fig.

4.34 shows the relationship among Nuj, Re;, and Pr. Since the deviations between
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original Nusselt number (Nu;) and the corrected Nusselt number (Nuy.) are very small,
original Nusselt number is used to establish a relationship among the Nuj, Re;, and Pr;. In
current study, the heat transfer correlation of engine oil, ATF, 50% ethylene glycol, and

DI-water flow for the Reynolds number range from 49 < Re,; < 144, 53 < Reyy <
131, 50 < Rey; < 155, and 51 < Re,, < 140 at bulk temperature are obtained. As

expected, Nusselt number of liquids increases with increasing Reynolds number, and the

curve followed a power-law relationship as

Nuyy = 0.18Rei*® Prl° (4.19)
_ 0.406 p,.1/3
Nuges = 0.17Reqis Pry;s (4.20)
Nu, = 8 x 10~*Rel359py1/3 4.21)
g g g :
and
— -4p,1.351p,.1/3
Nu,, = 3 X 10~*Rel351pPr} (4.22)
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this research, numerical simulations were carried out to investigate the performance of

minichannel heat exchanger (MICHX) during cooling of four different viscous fluids,

namely engine oil, automatic transmission fluid (ATF), ethylene glycol, and DI-water.

For ethylene glycol and DI-water, numerical results were compared with the

experimental measured data to validate the model. From the analyses of results obtained

from simulation, the following conclusions are made:

1-

In case of engine oil, ATF, and 50% ethylene glycol, the flow becomes
hydrodynamically fully developed before entering to the serpentine bend from
the top slab as well as before leaving from the bottom slab to the outlet
header. On the other hand, DI-water is hydrodynamically developing
throughout the length of the channel.

The steepness and the entrance length of thermally developing flow are higher
in highly viscous liquids compared to those of low viscous liquids.

The hydrodynamic developing length is shorter and flatter in the top slab
compared to those in the bottom slab. Results also show that the entrance
lengths of highly viscous liquids like engine oil and ATF are shorter than
those of low viscous liquids like ethylene glycol and DI-water. Liquid
viscosity plays the most important role for these phenomena.

For a specified liquid mass flux, the best heat transfer rate as well as the heat
transfer coefficient was found in DI-water, while the worst was observed in

engine oil. However, for a specified liquid-side Reynolds number, the result
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was found completely reverse. These phenomena can play a significant role in
performance in potential automotive and other industrial applications.

5- For liquid mass flux greater than about 1200 kg/m’s, the change in heat
transfer rate and temperature drop in all liquids are found very small, which
specifies their thermally saturated condition at that point. This suggests that
for a specified application, an optimum design may exist where the size of a
heat exchanger unit and the size and power rating of a pump is properly
balanced.

6- At the adiabatic regions, such as manifolds, headers, and serpentine bend, no
heat transfer is carried away by air. The heat is transferred from the hot fluid
to the solid walls to become thermal equilibrium. Axial conduction is
significant at these regions.

7- The pressure drop in MICHX for engine oil is found extremely high compared
to other fluids, which necessitates a more powerful pump for potential
applications of high-viscosity fluids.

8- On the other hand, the distribution of temperature, mass flow rate, and heat
transfer rate through each channel are more even for high-viscosity fluids
compared to low-viscosity fluids.

9- The entrance region effects in mass flow rate, temperature, and heat transfer
rate for high-viscosity fluids are negligible. These effects are observed

significantly higher for low-viscosity fluids.
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10- The existence of adiabatic serpentine bend in MICHX slab changes the flow
direction and creates a new temperature profile after the bend which enhances
the heat transfer coefficient at the entrance of the bottom slab.

11- Finally, it was observed that the existence of serpentine bend in multi-port flat
slab enhances heat transfer rate at the expense of low pressure drop penalty.
The pressure drop in the serpentine is relatively small as compared to the

pressure drop at the inlet header.
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5.2 Recommendations

The numerical simulations and analysis of results were made systematically and

very carefully to find out the most important thermal and flow behaviors of different

viscous fluids. However, there are still many other heat transfer parameters which were

not provided in current study.

1-

For a specified Reynolds number, a better heat transfer has been detected in
MICHX for cooling of high-viscosity fluids compared to low-viscosity fluids.
However, the necessity of further investigations is realized to find out the
optimal channel size that would permit higher mass flow rate for such types of
high-viscous fluids.

Further research on high-viscosity fluids is required to characterize heat
transfer and flow behaviors due to axial heat conduction, viscous heating, and
thermal interaction.

Due to the limitations of processor speed and inadequacy of RAM, current
study was carried out only on two slabs, which include only one serpentine.
Thorough investigation on multiple slabs is required to find out the optimum
number as well as the length and size of slabs in a MICHX for specific
purposes. To do this, a higher speed and capacity computer is suggested, which

is under process of procurement.
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APPENDICES

APPENDIX A

A. Devices and Instruments

Numerous researches have been conducted by Khan, M. G. (2012), Asker, S. (2011),
Dasgupta, E. S, (2011), and Siddiqui, F. A. (2011) using the test facilities related to the
current study, which is known as “Integrated Thermal Management Research
Laboratory” (ITMRL) in the department of Mechanical Automotive and Materials
Engineering (MAME), University of Windsor. The devices and instruments included in

the experimental setup are presented below:
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Figure A.1. Closed loop wind tunnel for heat transfer research
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Figure A.3. Electric Heater
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Thermocouples

Thermocouples

Figure A.4b. T-type thermocouples (total 9) at the outlet location of the test chamber
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Figure A.5. Pressure Transducer (PTD)

Figure A.6. Resistance Temperature Detector (RTD)
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Figure A.7. White Flow Meter
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Figure A.7b. Schematic FlowKinetics FKT series
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APPENDIX B

B. Data Sheet of Numerical Results

Data obtained from numerical simulations, which were used in analysis of results

under chapter 4 are appended in Tables B.1-B.9.
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Table B.1.

Liquid Mass Flux, Reynolds Number, and Error in Mass Balance

Inlet Inlet Mass Mass Liquid Liquid Liquid Error in
Temp. Temp. Flow Flow Mass flux Re Mass flow Mass
(Liquid) (Air) Rate Rate (Channel  (Channel (Outlet) Balance
(Liquid) (Air) Inlet) Inlet)
Tioin Tia Mi i M, Goi Reyi M i1 (%MB)
°C °C kg/s kg/s kg/m’s kg/s
76 14 0.018837 0.5069 352.70 16.60 0.018837 -0.002
76 14 0.025488 0.5069 477.25 24.16 0.025493 -0.018
76 14 0.033724 0.5069 631.45 33.41 0.033718 0.017
76 14 0.039421 0.5069 738.12 39.90 0.039422 -0.003
76 14 0.047257 0.5069 884.84 49.29 0.047251 0.011
76 14 0.051604 0.5069 966.24 54.44 0.051596 0.015
76 14 0.059660 0.5069 1117.08 64.38 0.059656 0.006
76 14 0.066112 0.5069 1237.89 75.02 0.066104 0.013
76 14 0.075989 0.5069 1422.83 83.94 0.075982 0.009
76 14 0.101377 0.5069 1898.19 114.01 0.101358 0.018
76 14 0.126721 0.5069 2372.74 144.24 0.126722 0.000
T Tia M; it M, G Reys Mo (%MB)
°C °C kg/s kg/s kg/m’s kg/s
76 14 0.018837 0.5069 352.70 26.72 0.018837 -0.001
76 14 0.025488 0.5069 477.25 38.18 0.025489 -0.003
76 14 0.033724 0.5069 631.45 53.06 0.033727 -0.010
76 14 0.039421 0.5069 738.12 64.18 0.039421 0.000
76 14 0.047257 0.5069 884.84 77.62 0.047224 0.069
76 14 0.051604 0.5069 966.24 85.51 0.051600 0.007
76 14 0.059660 0.5069 1117.08 100.19 0.059647 0.021
76 14 0.066112 0.5069 1237.89 112.54 0.066114 -0.003
76 14 0.075989 0.5069 1422.83 130.53 0.075982 0.010
Tie Tia M;, M, G, Re, M, (%MB)
°C °C kg/s kg/s kg/m’s kg/s
76 14 0.003899 0.5069 73.00 50.28 0.003898 0.032
76 14 0.005199 0.5069 97.34 68.98 0.005200 -0.029
76 14 0.006498 0.5069 121.67 89.04 0.006498 0.009
76 14 0.007798 0.5069 146.01 110.23 0.007795 0.041
76 14 0.009097 0.5069 170.34 132.28 0.009095 0.029
76 14 0.010397 0.5069 194.67 154.88 0.010401 -0.034
76 14 0.018837 0.5069 352.70 311.13 0.018834 0.014
76 14 0.025488 0.5069 477.25 439.90 0.025485 0.013
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76 14 0.033724  0.5069 631.45 600.87  0.033722  0.006
76 14 0.039421  0.5069 738.12 713.09  0.039407  0.035

76 14 0.047257  0.5069 884.84 868.17  0.047260  -0.008
76 14 0.051604  0.5069 966.24 953.93  0.051614  -0.019
76 14 0.059660  0.5069 1117.08  1113.96  0.059636  0.041

76 14 0.066112  0.5069 1237.89  1242.04  0.066090  0.034

76 14 0.075989  0.5069 1422.83 143854  0.075967  0.029

Tiw Tia M,y M, G, Re,, M.y (%MB)
°C °C kg/s kg/s kg/m’s kg/s

76 14 0.000882  0.5069 16.52 34.12 0.000880  0.248

76 14 0.001323  0.5069 24.78 51.38 0.001323  0.051

76 14 0.001764  0.5069 33.04 68.73 0.001767  -0.129
76 14 0.002206  0.5069 41.30 86.34 0.002212  -0.291

76 14 0.002647  0.5069 49.56 103.88  0.002650  -0.117
76 14 0.003088  0.5069 57.82 12201 0.003090  -0.067
76 14 0.003529  0.5069 66.08 14032 0.003534  -0.146
76 14 0.018837  0.5069 352.70 877.32  0.018836  0.005

76 14 0.025488  0.5069 477.25 1213.63  0.025477  0.045

76 14 0.033724  0.5069 631.45 163450  0.033720  0.013

76 14 0.039421  0.5069 738.12 1926.46  0.039438  -0.044
76 14 0.047257  0.5069 884.84 2326.87  0.047241  0.032

76 14 0.051604  0.5069 966.24 2550.71  0.051622  -0.035
76 14 0.059660  0.5069 1117.08  2964.09  0.059645  0.025

76 14 0.066112  0.5069 1237.89  3294.11  0.066104  0.013

76 14 0.075989  0.5069 1422.83  3802.12  0.075974  0.020
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Table B.2.

Error in Heat Balance

Inlet Inlet Mass Liquid Liquid Heat Heat Average Error in
Temp. Temp. Flow Mass flux Re Transfer Transfer  Heat Heat
Rate (Channel (Channel Rate Rate Transfer Balance
(Liquid)  (Air) Air Inlet) Inlet) Air (Liquid)
Tioin Tia M, Goil Reil Q. Qoit Quave (%HB)
°C °C kg/s kg/m’s w w w
76 14 0.5069 352.70 16.60 89245  898.72  895.58 0.700
76 14 0.5069 477.25 24.16 986.79  993.69  990.24 0.696
76 14 0.5069 631.45 33.41 1051.78 1041.05 104642 -1.025
76 14 0.5069 738.12 39.90 1089.79 1087.40 1088.60 -0.220
76 14 0.5069 884.84 49.29 1108.35 1098.49 110342 -0.893
76 14 0.5069 966.24 54.44 1105.43 1116.64 1111.03  1.009
76 14 0.5069 1117.08 64.38 1148.59 1147.14 114786 -0.126
76 14 0.5069 1237.89 75.02 1153.96 1152.72 1153.34 -0.107
76 14 0.5069 1422.83 83.94 1165.22 1167.56 1166.39  0.201
76 14 0.5069 1898.19 114.01  1179.71 1197.59 1188.65 1.504
76 14 0.5069 2372.74 144.24 123214 1248.84 1240.49 1.3467
T Tia M, Gur Reys Q. Qur Quave (%HB)
°C °C kg/s kg/m’s w w w
76 14 0.5069 352.70 26.72 91541 91594  915.68 0.058
76 14 0.5069 477.25 38.18 998.81 1001.62 1000.22  0.281
76 14 0.5069 631.45 53.06 1048.11 1052.60 1050.36  0.427
76 14 0.5069 738.12 64.18 1089.37 1089.74 1089.56  0.034
76 14 0.5069 884.84 77.62 112436  1127.24 1125.80  0.256
76 14 0.5069 966.24 85.51 1140.06 1139.89 113997 -0.015
76 14 0.5069 1117.08 100.19  1177.38 118594 1181.66  0.725
76 14 0.5069 1237.89 112.54 115498 1159.10 1157.04 0.356
76 14 0.5069 1422.83 130.53 117348 1180.81 1177.15 0.623
Tig Tia M, G, Re, Q. Q; Que  (%HB)
°C °C kg/s kg/m’s w w w
76 14 0.5069 73.00 50.28 496.14  499.18 497.66  0.610
76 14 0.5069 97.34 68.98 625.15 625.32  625.23 0.028
76 14 0.5069 121.67 89.04 724.00 72453  724.27 0.073
76 14 0.5069 146.01 110.23 798.42 802.69  800.55 0.533
76 14 0.5069 170.34 132.28 863.90 864.67  864.28 0.089
76 14 0.5069 194.67 154.88 91792 91641 917.16 -0.165
76 14 0.5069 352.70 311.13 1105.85 1100.29 1103.07 -0.504
76 14 0.5069 477.25 43990 1150.04 1156.81 115342 0.587
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76 14 0.5069 63145  600.87 1210.00 1206.14 1208.07 -0.319
76 14 0.5069  738.12  713.09 1227.89 123095 122942  0.249
76 14 0.5069  884.84  868.17  1249.56 124791 124873 -0.132
76 14 0.5069 96624  953.93 126934 1261.72 126553 -0.602
76 14 0.5069  1117.08 1113.96 1281.59 1278.84 1280.22 -0.215
76 14 0.5069  1237.89  1242.04 129336 1289.07 1291.22 -0.332
76 14 0.5069  1422.83 143854 1302.49 1305.07 1303.78 0.1978
Tiw Tia M, G, Re,, Q. Quw Qwe  (%HB)
°C °C kg/s kg/m’s w w w

76 14 0.5069 16.52 3412 -150.74 15036 150.55  -0.253
76 14 0.5069 24.78 51.38  -216.55 217.08 21682  0.247
76 14 0.5069 33.04 68.73  -281.66 283.59  282.62  0.683
76 14 0.5069 41.30 86.34  -349.01 34923  349.12  0.062
76 14 0.5069 49.56 103.88  -414.45 41431 41438  -0.035
76 14 0.5069 57.82 12201  -469.71 47223 47097  0.535
76 14 0.5069 66.08 14032 -525.50  527.90 52670  0.455
76 14 0.5069 35270  877.32 -1149.55 115038 1149.96 0.072
76 14 0.5069 47725  1213.63 -1215.03 1222.13 1218.58 0.582
76 14 0.5069 63145  1634.50 -124528 1253.09 1249.18 0.625
76 14 0.5069  738.12 192646 -1268.99 1262.86 126593 -0.484
76 14 0.5069  884.84  2326.87 -1304.24 1300.46 1302.35 -0.290
76 14 0.5069  966.24 255071 -1301.08 1292.00 1296.54 -0.700
76 14 0.5069  1117.08  2964.09 -1310.15 1313.11 1311.63 0.226
76 14 0.5069  1237.89  3294.11 -1335.57 1334.98 133527 -0.044
76 14 0.5069  1422.83  3802.12 -1331.97 1336.59 133428 0.346
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Table B.3. T, ;, Ty 4, AT}, and AT,
Inlet Inlet Mass Liquid Liquid Liquid Liquid  Air Air
Temp. Temp. Flow-rate  Mass flux Re Outlet Temp. Outlet Temp.
(Channel (Channel Temp. Drop Temp. Rise
(Liquid) (Air) (Air) Inlet) Inlet)

Tion Tia M, Goil Reoi Tooi AT Toa AT,
°C °C ke/s kg/m’s °C °C °C °C
76 14 0.5069 352.70 16.60 5219 2381 1575 1.75
76 14 0.5069 4717.25 24.16 56.43 1957 1593 1.93
76 14 0.5069 631.45 33.41 60.37 15.63 16.06 2.06
76 14 0.5069 738.12 39.90 6194 1406 16.14 2.14
76 14 0.5069 884.84 49.29 64.02 1198 16.17 2.17
76 14 0.5069 966.24 54.44 64.79 1121 16.17 2.17
76 14 0.5069 1117.08 64.38 65.93 10.07 1625 2.25
76 14 0.5069 1237.89 75.02 66.79 9.21 1626 226
76 14 0.5069 1422.83 83.94 67.77 823 1628 2.28
76 14 0.5069 1898.19 114.01 7046 554 1631 231
76 14 0.5069 2372.74 144.24 7137  4.63

Tt Tia M, Gur Reys Tour ATy Toa AT,
°C °C ke/s kg/m’s °C °C °C °C
76 14 0.5069 352.70 26.72 5296 23.04 1579 1.79
76 14 0.5069 477.25 38.18 5745 1855 1596 1.96
76 14 0.5069 631.45 53.06 61.31 14.69 16.05 2.05
76 14 0.5069 738.12 64.18 63.02 1298 16.14 2.14
76 14 0.5069 884.84 77.62 64.02 1198 1637 237
76 14 0.5069 966.24 85.51 64.84 11.16 1623 223
76 14 0.5069 1117.08 100.19 66.70  9.30 1631 231
76 14 0.5069 1237.89 112.54 67.80 820 1630 2.30
76 14 0.5069 1422.83 130.53 68.74 726 1630 2.30
Tig Tia M, G, Re, Tog AT, Toa AT,
°C °C kg/s kg/m’s °C °C °C °C
76 14 0.5069 73.00 50.28 3799 38.01 1497 097
76 14 0.5069 97.34 68.98 40.31 3569 1523 1.23
76 14 0.5069 121.67 89.04 4295 3305 1542 142
76 14 0.5069 146.01 110.23 45.52 3048 1556 1.56
76 14 0.5069 170.34 132.28 4788 28.12 1569 1.69
76 14 0.5069 194.67 154.88 4993 26.07 1580 1.80
76 14 0.5069 352.70 311.13 58.78 1722 16.17 2.17
76 14 0.5069 477.25 439.90 62.64 1336 1625 2.25
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76 14 0.5069 631.45 600.87 6548 1052 1637 237
76 14 0.5069 738.12 713.09 66.83 9.17 1641 241
76 14 0.5069 884.84 868.17 6824 7776 1645 245
76 14 0.5069 966.24 953.93 68.81 7.19 1649 2.49
76 14 0.5069 1117.08 1113.96 69.72 6.28 1651 251
76 14 0.5069 1237.89 1242.04 7029 571 1654 254
76 14 0.5069 1422.83 1438.54 7097 503 1655 2.55
Tiw Tia M, G, Re,, Tow AT, Toa AT,
°C °C keg/s kg/m’s °C °C °C °C

76 14 0.5069 16.52 34.12 35.62 4038 1430 0.30
76 14 0.5069 24.78 51.38 36.06 3994 1442 0.42
76 14 0.5069 33.04 68.73 36.51 39.49 1455 0.55
76 14 0.5069 41.30 86.34 37.16 38.84 14.68 0.68
76 14 0.5069 49.56 103.88 37.50 3850 1481 0.81
76 14 0.5069 57.82 122.01 38.37 37.63 1492 092
76 14 0.5069 66.08 140.32 39.18 36.82 15.03 1.03
76 14 0.5069 352.70 877.32 6098 15.02 1625 2.25
76 14 0.5069 477.25 1213.63 6422 1178 1638 2.38
76 14 0.5069 631.45 1634.50 66.87 9.13 1644 244
76 14 0.5069 738.12 1926.46 68.10 790 1649 2.49
76 14 0.5069 884.84 2326.87 69.25 6.75 1656 2.56
76 14 0.5069 966.24 2550.71 69.83 6.17 1655 2.55
76 14 0.5069 1117.08 2964.09 70.60 540 1657 2.57
76 14 0.5069 1237.89 3294.11 71.04 496 1662 2.62
76 14 0.5069 1422.83 3802.12 71.68 432 1661 261
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Table B.4. Ty, Tsy, Tser, and Dimensionless Temperature
Inlet Inlet Mass Liquid  Liquid Liquid Inner Dimen- Serpen-
Temp. Temp. Flow Mass Re Bulk  Surface sionless tine
(Lig.)  (Air) Rate Flux Temp. Temp. Temp. Temp.
(Air)

Ti,oil Ti,a Ma Goil Reoil Tb,oil Ts,oil (ATI/ ATmax)oil (Tser)oil
°C °C kg/s kg/m’s °C °C °C
76 14 0.5069 352.70 16.60 64.09  50.63 0.38 55.84
76 14 0.5069 477.25 24.16 66.22  53.83 0.32 60.27
76 14 0.5069 631.45 3341 68.18  57.02 0.25 64.04
76 14 0.5069 738.12 39.90 68.97  58.06 0.23 65.41
76 14 0.5069 884.84 49.29 70.01 59.70 0.19 67.04
76 14 0.5069 966.24 54.44 70.39  60.19 0.18 67.57
76 14 0.5069  1117.08  64.38 70.97  60.92 0.16 68.37
76 14 0.5069  1237.89  75.02 7139  61.60 0.15 68.97
76 14 0.5069  1422.83 83.94 71.89  62.33 0.13 69.71
76 14 0.5069  1898.19 114.01 73.23 65.30 0.09 70.88
76 14 0.5069  2372.74 14424  73.69  65.90 0.07 71.40

Tt Tia M, Gut Rey Toar Tsar  (ATVATwmadat  (Tser)at
°C °C kg/s kg/m’s °C °C °C
76 14 0.5069 352.70 26.72 64.48 51.24 0.37 57.23
76 14 0.5069 477.25 38.18 66.73  54.39 0.30 61.53
76 14 0.5069 631.45 53.06 68.66  57.18 0.24 64.52
76 14 0.5069 738.12 64.18 69.51 58.37 0.21 65.78
76 14 0.5069 884.84 77.62 70.01 59.73 0.19 67.11
76 14 0.5069 966.24 85.51 7042 60.35 0.18 67.73
76 14 0.5069  1117.08 100.19  71.35 61.05 0.15 68.49
76 14 0.5069  1237.89 11254 7190 6292 0.13 69.95
76 14 0.5069  1422.83 130.53 72.37  62.92 0.12 69.95
Tie Tia M, G, Re, Toy T AT/AT ) (T
°C °C kg/s kg/m’s °C °C °C
76 14 0.5069 73.00 50.28 56.99  34.80 0.61 28.66
76 14 0.5069 97.34 68.98 58.15  40.01 0.58 36.07
76 14 0.5069 121.67 89.04 5947 4421 0.53 42.10
76 14 0.5069 146.01 110.23  60.76  48.61 0.49 46.81
76 14 0.5069 17034 13228 6194  51.38 0.45 50.56
76 14 0.5069 194.67  154.88 6296  53.57 0.42 53.49
76 14 0.5069 35270  311.13 6739  59.96 0.28 63.43
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76 14 0.5069 47725 43990 6932  62.79 0.22 66.78
76 14 0.5069 631.45 600.87 70.74  64.76 0.17 69.00
76 14 0.5069 738.12  713.09 7142  65.68 0.15 69.98
76 14 0.5069 884.84  868.17 72.12  66.65 0.13 70.96
76 14 0.5069 966.24 95393 7240  67.03 0.12 71.35
76 14 0.5069  1117.08 111396 72.86 67.68 0.10 71.95
76 14 0.5069  1237.89 1242.04 73.14  68.09 0.09 72.32
76 14 0.5069  1422.83 1438.54 7349  68.57 0.08 72.75
Tiw Tia M, Gy Re,, Tow Tow (ATVAT na)w (Tser)w
°C °C kg/s kg/m’s °C °C °C

76 14 0.5069 16.52 34.12 55.81 20.37 0.65 14.35
76 14 0.5069 24.78 51.38 56.03  23.16 0.64 15.48
76 14 0.5069 33.04 68.73 56.26  26.31 0.64 17.54
76 14 0.5069 41.30 86.34 56.58  29.17 0.63 20.35
76 14 0.5069 49.56 103.88  56.75  31.76 0.62 23.36
76 14 0.5069 57.82 122.01 57.18 3443 0.61 26.62
76 14 0.5069 66.08 140.32  57.59  36.85 0.59 29.78
76 14 0.5069 352770 87732 68.49  62.46 0.24 65.36
76 14 0.5069 477.25 1213.63 70.11 64.75 0.19 68.12
76 14 0.5069 631.45 163450 71.43 66.60 0.15 70.11
76 14 0.5069 738.12 192646 72.05  67.46 0.13 70.99
76 14 0.5069 884.84 2326.87 72.62  68.23 0.11 71.78
76 14 0.5069 966.24 2550.71 7291 68.66 0.10 72.16
76 14 0.5069  1117.08 2964.09 73.30  69.20 0.09 72.66
76 14 0.5069  1237.89 3294.11 73.52  69.47 0.08 72.95
76 14 0.5069  1422.83 3802.12 73.84 69.96 0.07 73.35
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Table B.5. Liquid-side Pressure Drop

Inlet Inlet Mass Liquid Liquid Liquid-side = Liquid-side
Temp. Temp. Flow-rate Mass flux Re Pressure Pressure
(Channel (Channel Drop Drop
(Liquid) (Air) (Air) Inlet) Inlet)

T oi Tia M, Gail Regi APy APy
°C °C kg/s kg/m’s kPa psi
76 14 0.5069 352.70 16.60 321.46 46.62
76 14 0.5069 477.25 24.16 393.34 57.05
76 14 0.5069 631.45 33.41 478.82 69.45
76 14 0.5069 738.12 39.90 545.70 79.15
76 14 0.5069 884.84 49.29 633.31 91.85
76 14 0.5069 966.24 54.44 685.33 99.40
76 14 0.5069 1117.08 64.38 784.14 113.73
76 14 0.5069 1237.89 75.02 861.38 124.93
76 14 0.5069 1422.83 83.94 984.27 142.76
76 14 0.5069 1898.19 114.01 1306.38 189.48
76 14 0.5069 2372.74 144.24 1648.51 239.10

Tiat Tia M, Gur Reyy Apatf Apatf
°C °C kg/s kg/m’s kPa psi
76 14 0.5069 352.70 26.72 177.82 25.79
76 14 0.5069 477.25 38.18 207.16 30.05
76 14 0.5069 631.45 53.06 239.04 34.67
76 14 0.5069 738.12 64.18 263.79 38.26
76 14 0.5069 884.84 77.62 295.62 42.88
76 14 0.5069 966.24 85.51 314.45 45.61
76 14 0.5069 1117.08 100.19 351.33 50.96
76 14 0.5069 1237.89 112.54 374.73 54.35
76 14 0.5069 1422.83 130.53 421.59 61.15
Ti, Tia M, G, Re, AP, AP,
°C °C kg/s kg/m’s kPa psi
76 14 0.5069 73.00 50.28 4.58 0.66
76 14 0.5069 97.34 68.98 5.42 0.79
76 14 0.5069 121.67 89.04 6.10 0.88
76 14 0.5069 146.01 110.23 6.80 0.99
76 14 0.5069 170.34 132.28 7.51 1.09
76 14 0.5069 194.67 154.88 8.28 1.20
76 14 0.5069 352.70 311.13 13.92 2.02
76 14 0.5069 477.25 439.90 19.26 2.79
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76 14 0.5069 631.45 600.87 26.87 3.90
76 14 0.5069 738.12 713.09 32.69 4.74
76 14 0.5069 884.84 868.17 41.75 6.05
76 14 0.5069 966.24 953.93 47.40 6.87
76 14 0.5069 1117.08 1113.96 58.20 8.44
76 14 0.5069 1237.89 1242.04 68.06 9.87
76 14 0.5069 1422.83 1438.54 83.38 12.09
Tiw Tia M, G, Re,, AP, AP,
°C °C kg/s kg/m’s kPa psi
76 14 0.5069 16.52 34.12 0.43 0.06
76 14 0.5069 24.78 51.38 0.61 0.09
76 14 0.5069 33.04 68.73 0.78 0.11
76 14 0.5069 41.30 86.34 0.94 0.14
76 14 0.5069 49.56 103.88 1.07 0.16
76 14 0.5069 57.82 122.01 1.18 0.17
76 14 0.5069 66.08 140.32 1.30 0.19
76 14 0.5069 352.70 877.32 6.50 0.94
76 14 0.5069 477.25 1213.63 9.98 1.45
76 14 0.5069 631.45 1634.50 15.26 221
76 14 0.5069 738.12 1926.46 19.66 2.85
76 14 0.5069 884.84 2326.87 26.68 3.87
76 14 0.5069 966.24 2550.71 30.63 4.44
76 14 0.5069 1117.08 2964.09 38.53 5.59
76 14 0.5069 1237.89 3294.11 49.04 7.11
76 14 0.5069 1422.83 3802.12 58.14 8.43
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Table B.6. Liquid Dynamic Viscosity and Correction Factor
Inlet Inlet Mass Liquid Liquid Liquid Liquid Vicsosity
Temp. Temp. Flow-rate Mass flux Re Dynamic Viscosity Correction
(Channel Channel Viscosity at Ty Factor
(Liquid)  (Air) (Air) Inlet)
Tioin Tia M, Goil Reoi Mb,oil Hs.oil (! Hs)oﬂo' "
°C °C kg/s kg/m’s kg/ms kg/ms
76 14 0.5069 352.70 16.60 0.02125  0.03265 0.94164
76 14 0.5069 477.25 24.16 0.01975  0.02950 0.94538
76 14 0.5069 631.45 3341 0.01890  0.02658 0.95341
76 14 0.5069 738.12 39.90 0.01850  0.02587 0.95414
76 14 0.5069 884.84 49.29 0.01795  0.02475 0.95602
76 14 0.5069 966.24 54.44 0.01775  0.02425 0.95726
76 14 0.5069 1117.08 64.38 0.01735  0.02350 0.95841
76 14 0.5069 1237.89 75.02 0.01650  0.02260 0.95691
76 14 0.5069 1422.83 83.94 0.01695  0.02225 0.96263
76 14 0.5069 1898.19 114.01 0.01665  0.02050 0.97130
76 14 0.5069 2372.74 144.24 0.01645  0.02000 0.97301
T Tia M, G Reyr Mo af s aef (/™
°C °C kg/s kg/m’s kg/ms kg/ms
76 14 0.5069 352.70 26.72 0.01320  0.01940 0.94752
76 14 0.5069 477.25 38.18 0.01250  0.01770 0.95247
76 14 0.5069 631.45 53.06 0.01190  0.01630 0.95691
76 14 0.5069 738.12 64.18 0.01150  0.01570 0.95735
76 14 0.5069 884.84 77.62 0.01140  0.01510 0.96141
76 14 0.5069 966.24 85.51 0.01130  0.01470 0.96384
76 14 0.5069 1117.08 100.19 0.01115  0.01440 0.96482
76 14 0.5069 1237.89 112.54 0.01100  0.01360 0.97073
76 14 0.5069 1422.83 130.53 0.01090  0.01330 0.97252
Inlet Inlet Mass Liquid Liquid Liquid Liquid Vicsosity
Temp. Temp. Flow-rate Mass flux Re Dynamic  Viscosity Correction
Liquid Air Air Channel_in Channel_in Viscosity at Ti,s Factor
Ti, Tia M, G, Re, Ho,g Hs.g (! Hs)g(]' a
°C °C kg/s kg/m’s kg/ms kg/ms
76 14 0.5069 73.00 50.28 0.00145  0.00258 0.92274
76 14 0.5069 97.34 68.98 0.00141  0.00224 0.93716
76 14 0.5069 121.67 89.04 0.00137  0.00201 0.94751
76 14 0.5069 146.01 110.23 0.00132  0.00179 0.95855
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76
76
76
76
76
76
76
76
76
76
76
Tiw
°C
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76

14
14
14
14
14
14
14
14
14
14
14
Tia
°C
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069

kg/s
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069
0.5069

170.34
194.67
352.70
477.25
631.45
738.12
884.84
966.24
1117.08
1237.89
1422.83
Gy
kg/m’s
16.52
24.78
33.04
41.30
49.56
57.82
66.08
352.70
477.25
631.45
738.12
884.84
966.24
1117.08
1237.89
1422.83

132.28
154.88
311.13
439.90
600.87
713.09
868.17
953.93
1113.96
1242.04
1438.54

Re,,

34.12
51.38
68.73
86.34
103.88
122.01
140.32
877.32
1213.63
1634.50
1926.46
2326.87
2550.71
2964.09
3294.11
3802.12

0.00129
0.00126
0.00113
0.00108
0.00105
0.00104
0.00102
0.00101
0.00100
0.00100
0.00099

Ho,w
kg/ms
0.00048
0.00048
0.00048
0.00048
0.00048
0.00047
0.00047
0.00040
0.00039
0.00039
0.00038
0.00038
0.00038
0.00038
0.00038
0.00037

0.00167
0.00158
0.00135
0.00126
0.00120
0.00118
0.00115
0.00114
0.00113
0.00112
0.00110

Hs.w
kg/ms
0.00097
0.00091
0.00084
0.00079
0.00075
0.00071
0.00068
0.00044
0.00042
0.00041
0.00041
0.00040
0.00040
0.00040
0.00040
0.00039

0.96425
0.96844
0.97580
0.97905
0.98105
0.98192
0.98288
0.98322
0.98390
0.98434
0.98479

(/p) ™

0.90748
0.91549
0.92437
0.93194
0.93883
0.94522
0.95079
0.98813
0.98964
0.99080
0.99132
0.99175
0.99203
0.99235
0.99246
0.99280
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Table B.7. Liquid Density, Conductivity, Specific Heat, and Prandtl Number
Inlet Inlet Mass Liquid Liquid Liquid Liquid Liquid Liquid
Temp. Temp. Flow-rate Mass flux Re Density Thermal Specific Pr
(Channel (Channel Conduc- Heat
(Liquid)  (Air) (Air) Inlet) Inlet) tivity
Tioi Tia M, Goil Reai Pb,oil Kb oit Cpo.oit Pry il
°C °C kg/s kg/m’s kg/m’  w/mK  j/kgK
76 14 0.5069 352.70 16.60 829.20  0.13279 2088  334.14
76 14 0.5069 477.25 24.16 827.60 0.13262 2097  312.29
76 14 0.5069 631.45 3341 826.60  0.13247 2106 300.48
76 14 0.5069 738.12 39.90 826.00 0.13236 2109  294.78
76 14 0.5069 884.84 49.29 825.40 0.13234 2113 286.61
76 14 0.5069 966.24 54.44 825.10  0.13229 2117 284.05
76 14 0.5069 1117.08 64.38 824.60 0.13223 2119 278.05
76 14 0.5069 1237.89 75.02 824.40  0.13219 2122 264.88
76 14 0.5069 1422.83 83.94 823.70  0.13216 2125 272.55
76 14 0.5069 1898.19 114.01 823.40  0.13207 2127  268.16
76 14 0.5069 2372.74 144.24 823.20  0.13205 2129  265.22
Tt Tia M, G Reys Pb,atf K et Cpb.art Pry
°C °C kg/s kg/m’s kg/m’ w/mK  jkegK
76 14 0.5069 352.70 26.72 839.70  0.15465 2109 179.97
76 14 0.5069 477.25 38.18 838.20  0.15425 2116 171.43
76 14 0.5069 631.45 53.06 837.00  0.15405 2124 164.07
76 14 0.5069 738.12 64.18 836.60  0.15385 2128 159.06
76 14 0.5069 884.84 77.62 836.10  0.15375 2132 158.08
76 14 0.5069 966.24 85.51 835.60  0.15365 2133 156.87
76 14 0.5069 1117.08 100.19 835.40  0.15355 2135 155.03
76 14 0.5069 1237.89 112.54 835.00 0.15350 2138 153.18
76 14 0.5069 1422.83 130.53 834.70  0.15335 2140 152.11
T, Tia M, G, Re, Pbg Ko o Cpoe Pry,
°C °C kg/s kg/m’s kg/m’  w/mK  j/kegK
76 14 0.5069 73.00 50.28 1035.40 0.45313 3367 10.79
76 14 0.5069 97.34 68.98 1034.80 0.45384 3370 10.48
76 14 0.5069 121.67 89.04 1034.10 0.45464 3373 10.14
76 14 0.5069 146.01 110.23  1033.40 0.45541 3376 9.82
76 14 0.5069 170.34 132.28  1032.80 0.45611 3379 9.54
76 14 0.5069 194.67 154.88  1032.20 0.45670 3381 9.31
76 14 0.5069 352.70 311.13  1029.80 0.45922 3392 8.37
76 14 0.5069 477.25 43990 1028.80 0.46027 3396 8.01
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76 14 0.5069 631.45 600.87 1028.10 0.46104 3400 7.75
76 14 0.5069 738.12 713.09 1027.70 0.46140 3402 7.63
76 14 0.5069 884.84 868.17 1027.30 0.46177 3403 7.51
76 14 0.5069 966.24 95393 1027.20 0.46192 3404 7.46
76 14 0.5069 1117.08 1113.96  1026.90 0.46216 3405 7.39
76 14 0.5069 1237.89 1242.04 1026.830 0.46230 3406 7.34
76 14 0.5069 1422.83 1438.54 1026.60 0.46248 3407 7.29
Tiw Tia M, Gy Re, Pbw Kp,w Cpow Pry,,
°C °C kg/s kg/m’s kg/m*  w/mK  j/kgK

76 14 0.5069 16.52 34.12 984.96  0.65001 4066 3.03
76 14 0.5069 24.78 51.38 984.85 0.65024 4066 3.02
76 14 0.5069 33.04 68.73 984.74  0.65045 4066 3.00
76 14 0.5069 41.30 86.34 984.59  0.65077 4066 2.99
76 14 0.5069 49.56 103.88 984.50  0.65093 4066 2.98
76 14 0.5069 57.82 122.01 984.29 0.65135 4066 2.96
76 14 0.5069 66.08 140.32 984.08 0.65175 4066 2.94
76 14 0.5069 352.70 877.32 978.23  0.66148 4067 2.47
76 14 0.5069 477.25 1213.63  977.29 0.66279 4067 2.41
76 14 0.5069 631.45 1634.50 976.52  0.66383 4067 2.37
76 14 0.5069 738.12 1926.46  976.15 0.66431 4067 2.35
76 14 0.5069 884.84 2326.87 975.81 0.66475 4067 2.33
76 14 0.5069 966.24 2550.71 975.63 0.66497 4067 2.32
76 14 0.5069 1117.08  2964.09 97540 0.66526 4068 2.30
76 14 0.5069 1237.89  3294.11 97527 0.66543 4068 2.30
76 14 0.5069 1422.83  3802.12 975.07 0.66567 4068 2.29

Mohammed Ismail. M. A. Sc. Thesis 2012. Dept of Mechanical Automotive & Materials Engineering, University of Windsor, Canada 120




Numerical Investigation on Heat Transfer and Fluid Flow Behaviors of Viscous Fluids through Minichannel Heat Exchanger

Table B.8. Br;, h;, and Nu;
Inlet Inlet Mass Liquid Liquid Liquid Liquid Liquid
Temp. Temp. Flow-rate Mass flux Re Br h Nu
(Channel (Channel
(Liquid) (Air) (Air) Inlet) Inlet)

Tion Tia M, Goil Reai Broi hy o Nuy, i1
°C °C kg/s kg/m’s
76 14 0.5069 352.70 16.60 2.81E-02 511 3.84
76 14 0.5069 471.25 24.16 5.06E-02 614 4.63
76 14 0.5069 631.45 33.41 9.17E-02 719 543
76 14 0.5069 738.12 39.90 1.24E-01 766 5.78
76 14 0.5069 884.84 49.29 1.80E-01 821 6.21
76 14 0.5069 966.24 54.44 2.14E-01 836 6.32
76 14 0.5069 1117.08 64.38 2.81E-01 877 6.63
76 14 0.5069 1237.89 75.02 3.34E-01 904 6.84
76 14 0.5069 1422.83 83.94 4.61E-01 937 7.09
76 14 0.5069 1898.19 114.01 9.56E-01 1150 8.71
76 14 0.5069 2372.74 144.24 1.49E+00 1222 9.25
T Tia M, G Reys Brus hp e Nup
°C °C kg/s kg/m’s
76 14 0.5069 352.70 26.72 1.49E-02 531 343
76 14 0.5069 477.25 38.18 2.71E-02 622 4.03
76 14 0.5069 631.45 53.06 4.74E-02 702 4.56
76 14 0.5069 738.12 64.18 6.37E-02 751 4.88
76 14 0.5069 884.84 77.62 9.70E-02 840 5.47
76 14 0.5069 966.24 85.51 1.16E-01 869 5.65
76 14 0.5069 1117.08 100.19 1.49E-01 880 5.73
76 14 0.5069 1237.89 112.54 2.06E-01 989 6.44
76 14 0.5069 1422.83 130.53 2.55E-01 956 6.23
Tie Tia M, G, Re, Br, hy ¢ Nu,,
°C °C kg/s kg/m’s
76 14 0.5069 73.00 50.28 8.81E-06 172 0.38
76 14 0.5069 97.34 68.98 1.97E-05 264 0.58
76 14 0.5069 121.67 89.04 3.25E-05 364 0.80
76 14 0.5069 146.01 110.23 5.72E-05 506 1.11
76 14 0.5069 170.34 132.28 8.63E-05 628 1.38
76 14 0.5069 194.67 154.88 1.23E-04 749 1.64
76 14 0.5069 352.70 311.13 4 47E-04 1139 248
76 14 0.5069 477.25 439.90 8.85E-04 1356 2.95

Mohammed Ismail. M. A. Sc. Thesis 2012. Dept of Mechanical Automotive & Materials Engineering, University of Windsor, Canada

121




Numerical Investigation on Heat Transfer and Fluid Flow Behaviors of Viscous Fluids through Minichannel Heat Exchanger

76 14 0.5069 631.45 600.87 1.63E-03 1551 3.36
76 14 0.5069 738.12 713.09  2.29E-03 1645 3.56
76 14 0.5069 884.84 868.17  3.40E-03 1754 3.80
76 14 0.5069 966.24 953.93  4.10E-03 1808 3.91
76 14 0.5069 1117.08 1113.96  5.62E-03 1898 4.11
76 14 0.5069 1237.89 1242.04  7.02E-03 1958 4.24
76 14 0.5069 1422.83 1438.54  9.46E-03 2034  4.40
Tiw Tia M, G, Re,, Br, hy Nuy,,
°C °C kg/s kg/m’s

76 14 0.5069 16.52 34.12 1.02E-07 33 0.05
76 14 0.5069 24.78 51.38 2.11E-07 51 0.08
76 14 0.5069 33.04 68.73 3.64E-07 72 0.11
76 14 0.5069 41.30 86.34 6.44E-07 98 0.15
76 14 0.5069 49.56 103.88  9.65E-07 127 0.20
76 14 0.5069 57.82 122.01 1.31E-06 159 0.24
76 14 0.5069 66.08 140.32 1.86E-06 195 0.30
76 14 0.5069 352.70 877.32 1.49E-04 1463 2.21
76 14 0.5069 47125 1213.63  2.99E-04 1744 2.63
76 14 0.5069 631.45 163450  5.70E-04 1984 2.99
76 14 0.5069 738.12 1926.46  8.14E-04 2117 3.19
76 14 0.5069 884.84 2326.87  1.21E-03 2276 3.42
76 14 0.5069 966.24 2550.71  1.49E-03 2336 3.51
76 14 0.5069 1117.08  2964.09  2.05E-03 2452 3.69
76 14 0.5069 1237.89  3294.11  2.54E-03 2530 3.80
76 14 0.5069 1422.83 3802.12  3.48E-03 2635 3.96
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Table B.9. Corrected Liquid-side Nusselt Number
Inlet Inlet Mass Liquid Liquid Corrected Corrected
Temp. Temp. Flow-rate Mass flux Re Nusselt Nu/Pr'”?
(Channel (Channel Number
(Liquid) (Air) (Air) Inlet) Inlet)

Tioi Tia M, Goil Reai Nu it (Nu/ Pf1/3)c,0ﬂ
°C °C kg/s kg/m’s
76 14 0.5069 352.70 16.60 3.62 0.52
76 14 0.5069 477.25 24.16 4.37 0.64
76 14 0.5069 631.45 33.41 5.18 0.77
76 14 0.5069 738.12 39.90 5.52 0.83
76 14 0.5069 884.84 49.29 5.93 0.90
76 14 0.5069 966.24 54.44 6.05 0.92
76 14 0.5069 1117.08 64.38 6.36 0.97
76 14 0.5069 1237.89 75.02 6.54 1.02
76 14 0.5069 1422.83 83.94 6.82 1.05
76 14 0.5069 1898.19 114.01 8.46 1.31
76 14 0.5069 2372.74 144.24 9.00 1.40
Tyt Tia M, Gur Reu Nucar — (NWPH)ey
°C °C kg/s kg/m’s
76 14 0.5069 352.70 26.72 3.25 0.58
76 14 0.5069 477.25 38.18 3.84 0.69
76 14 0.5069 631.45 53.06 4.36 0.80
76 14 0.5069 738.12 64.18 4.67 0.86
76 14 0.5069 884.84 77.62 5.25 0.97
76 14 0.5069 966.24 85.51 5.45 1.01
76 14 0.5069 1117.08 100.19 5.53 1.03
76 14 0.5069 1237.89 112.54 6.25 1.17
76 14 0.5069 1422.83 130.53 6.06 1.14
Tie Tia M, G, Re, Nu., (Nu/Pr'”).,
°C °C kg/s kg/m’s
76 14 0.5069 73.00 50.28 0.35 0.16
76 14 0.5069 97.34 68.98 0.55 0.25
76 14 0.5069 121.67 89.04 0.76 0.35
76 14 0.5069 146.01 110.23 1.06 0.50
76 14 0.5069 170.34 132.28 1.33 0.63
76 14 0.5069 194.67 154.88 1.59 0.76
76 14 0.5069 352.70 311.13 242 1.19
76 14 0.5069 477.25 439.90 2.88 1.44
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76 14 0.5069 631.45 600.87 3.30 1.67
76 14 0.5069 738.12 713.09 3.50 1.78
76 14 0.5069 884.84 868.17 3.73 1.91
76 14 0.5069 966.24 953.93 3.85 1.97
76 14 0.5069 1117.08 1113.96 4.04 2.07
76 14 0.5069 1237.89 1242.04 4.17 2.15
76 14 0.5069 1422.83 1438.54 433 2.23
Tiw Tia M, Gy, Re, Nug.y (Nu/Pr'?)..,
°C °C kg/s kg/m’s

76 14 0.5069 16.52 34.12 0.05 0.03
76 14 0.5069 24.78 51.38 0.07 0.05
76 14 0.5069 33.04 68.73 0.10 0.07
76 14 0.5069 41.30 86.34 0.14 0.10
76 14 0.5069 49.56 103.88 0.18 0.13
76 14 0.5069 57.82 122.01 0.23 0.16
76 14 0.5069 66.08 140.32 0.28 0.20
76 14 0.5069 352.70 877.32 2.19 1.62
76 14 0.5069 477.25 1213.63 2.60 1.94
76 14 0.5069 631.45 1634.50 2.96 2.22
76 14 0.5069 738.12 1926.46 3.16 2.38
76 14 0.5069 884.84 2326.87 3.40 2.56
76 14 0.5069 966.24 2550.71 3.49 2.63
76 14 0.5069 1117.08 2964.09 3.66 2.77
76 14 0.5069 1237.89 3294.11 3.77 2.86
76 14 0.5069 1422.83 3802.12 3.93 2.98
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