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ABSTRACT  

Great efforts have been made to investigate the thermal performance and fluid flow 

behaviour in Minichannel Heat Exchangers (MICHX), however, the examination of air 

side in a multiport serpentine slab heat exchanger is rare. In the current investigation, 

experiments were conducted on air heating via a prototype multiport MICHX. Hot DI-

water at different mass flow rates and a constant inlet temperature of 70°C was passed 

through the channels. The water side Reynolds numbers were varied from 255 to 411. 

The airside Reynolds numbers were calculated based on the free mean stream velocity 

and varied from 1750 to 5250, while, the air inlet temperatures were in the range of 

22.5°C to 34.5°C. The effects of dimensional parameters, such as Reynolds number, 

Nusselt number, Prandtl number, Brinkman number, and Dean number on the heat 

transfer performance were investigated. The effect of the serpentine on the enhancement 

of DI water thermal performance behaviour was studied. Heat transfer correlations were 

established and compared to the results in the open literature. 
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CHAPTER I 

INTRODUCTION 

1.1 Introduction 

Energy exists in several forms such as heat, kinetic, mechanical, potential,  electrical, etc. 

According to the law of conservation of energy, the total energy of a system remains 

constant, however, it may transform into different forms. The United States Energy 

Information Administration reported that the world’s electrical demand will increase by 

almost 50% from the year of 2007 to 2035 in its International Energy Outlook (IEO), 

U.S. Energy Information Administration (2010). 

 While the actual rate at which population and electrical demands will increase is a point 

for debate, the idea that they will definitely be raised is widely agreed upon. A boost in 

electrical demand will result from such a population growth, which will require new 

power sources that are recently not under development. 

According to the EC’s Joint Research Centre (2009), heating, ventilating and air 

conditioning systems in the 27 European Union member countries were approximated to 

account for nearly 313 terawatt-hours (TWh) of electricity use in 2007, about 11% of the 

whole 2800 TWh of electricity which was consumed in Europe that year. North 

American countries have similar consumption level. Therefore, improving HVAC system 

performance can be a key contributor towards energy savings if the west is to achieve its 

goal of 20% reduction in energy use by 2020. As an example, minichannel heat 

exchanger (MICHX) can play an immense role in future design of the HVAC&R system 

to save energy through improving the heat exchanger performance.  

http://physics.about.com/od/glossary/g/heat.htm
http://physics.about.com/od/energyworkpower/f/KineticEnergy.htm
http://physics.about.com/od/glossary/g/potentialenergy.htm
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Using more surface area and/or higher flow velocity will improve the heat exchanger 

performance, which essentially increases the heat transfer capacity. An abundant amount 

of energy savings can be achieved by the use of MICHX compared to the traditional heat 

exchangers. 

 A heat exchanger is a device used to facilitate the transfer of heat from one fluid to 

another without a direct contact between the fluids. Heat exchangers generally maximize 

the transfer of heat by increasing the contact surface area between the fluids. A 

conventional heat exchanger has an area density of 700 m
2
/ m

3
, while the MICHX are 

density is in the order of about 5000 m
2
/ m

3
.  

Air to water cross flow heat exchangers that consist of flow passes of various shapes have 

been frequently used in many applications. Therefore, a proper choice of the air and 

water side heat transfer correlations in the relevant design and applications is essential. 

To design such heat exchangers, some basic parameters have to be considered which 

include: the geometry and the shape of the fins, air and water flow rates, and the heat 

exchanger size. In addition, the economic and environmental issues in the industry place 

the need for system compactness and further performance improvement. These 

requirements lead to the improvement of thermal performance, minimization of pressure 

drop, and easy fabrication.  

The heat exchangers are being developed for innovative applications and have been 

shown to be capable of handling heat loads of up to 100 W/cm
2
. A vastly efficient heat 

exchanger that is considered a potential alternative to substitute the conventional fin and 

tube heat exchanger is the mini-channel heat exchanger (MICHX). Louvered or wavy 

fins, flat tubes or slabs are used in the construction of mini channel heat exchangers. In 
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fin tube heat exchangers, the thermal resistance on the air-side is considered a limitation 

of the heat transfer. The louver and wavy fins in mini channel heat exchangers have been 

studied by a number of researchers where most of them used a numerical approach. It is 

found that the convective heat-transfer coefficient (h) between the substrate and the 

coolant is the primary obstruction to achieve low thermal resistance. Heat transfer 

coefficient on the air side is lower than that of the liquid side; as a result, large area 

density is expected from the air side [Kays and London (1984)].  

Genhart (1962) designed a MICHX to boost the heat transfer rate from liquid to gas. 

Modern manufacturing industries are capable of making narrow channels heat exchangers 

due to the advancement in materials and methodology for a wide range of applications, 

especially in the areas of HVAC-R condensers, evaporators, automotive, and aerospace.  

The heat transfer process in minichannel heat exchangers depends on the heat transfer 

surface area (As), which is proportional to the channel hydraulic diameter (Dh). The liquid 

flow rate depends on the cross sectional area of the channel (Ac) which is proportional to 

Dh
2
. Thus, the ratio of the heat transfer surface area to volume (As/ ѵ) corresponds to 1/D. 

As D decreases, the As / ѵ increases (further compactness). On the other hand, Nusselt 

number for fully developed laminar flow is equal to Nu=        , an increase in h is 

obtained by decreasing Dh since, h is inversely proportional to the channel diameter. 

Therefore, by decreasing the heat exchanger channel diameter (Dch), the heat transfer 

coefficient (h) will increase providing further compactness of the heat exchanger.  

1.2 Motivations  

MICHXs are used in different types of industrial applications with various geometries. 

Their enhanced heat transfer and small passage channels are the main characteristics that 
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differentiate them from other heat exchangers. A multiport flat slab minichannel heat 

exchanger (MICHX) is becoming more prevalent among heat exchangers. This aluminum 

multiport slab MICHX is predicted to be a superior candidate over conventional heat 

exchangers for the following reasons:  

 Higher thermal performance. 

 Compactness: Its area density is nearly 4000 m
2
/m

3
, almost six times higher than the 

traditional compact heat exchangers, Carrier (2006) and Kim and Groll (2003). 

 Diminished both air and water sides pressure drop for a given heat duty, Kang et al. 

(2002) and Fan (2008). 

  Lower pressure drop reduces fan size, hence decreases the energy consumption for 

driving the fan and its noise (environmentally friendly). 

 More structural robustness since the slab structure is monolithic and more reliable 

compared to the tube row with the connection joints.  

 It prevents structural failure due to its resistance to the vortex induced vibration and 

is environmentally friendly (sound pollution). Therefore, it is recommended for the 

HVAC-R applications, Carrier (2006). 

 The serpentine effect leads to the axial heat conduction phenomenon which in turns 

causes a secondary flow and develops new boundary layer that result in an increase 

in the heat transfer rate, Dehghandokht et al. (2011). 

1.3 Objectives  

The objective of the present study is to investigate the heat transfer characteristics of 

heating the air-side and cooling the liquid-side of a serpentine slab minichannel heat 

exchanger. The investigation determines the effect of the serpentine bend, the presence of 
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the axial heat conduction, and viscous dissipation in the MICHX. The heat transfer 

correlation found from this current study is compared to the other available correlations.  

The following are the key objectives of this investigation.  

 Experimentally analyze the heat transfer characteristics (h, Nu) of the airside 

heating and DI water cooling in a minichannel heat exchanger. 

 Examine the prototype heat exchanger performance, overall thermal conductance 

(UA), heat exchanger effectiveness ( ), and the number of transfer units (NTU)  

 Obtain the general correlations of both air and water side heat transfer and fluid 

flow such as Nu, h, NTU with Re, Nu with Br, and Nu with De. 

 Compare the established correlations Nua-Rea-Pra of air heating with the 

correlations of air cooling obtained by Dasgupta (2011). 

 Possible scope of improvements in the multiport prototype MICHX. 

High flux heat removal with light weight and low area density is a roadmap of challenges 

and opportunities. Watchful achievements of such investigation objectives provide a 

source of information for forthcoming research. 
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CHAPTER II 

REVIEW OF LITERATURE 

The heat exchanger design is a field of thermal engineering that involves the conversion 

or exchange of thermal energy and heat between two or more fluids by various 

mechanisms such as by; conduction, convection, radiation and phase change.  In recent 

years, considerable research and several investigations were applied to optimize the 

design of compact heat exchangers with narrow channels. However, the literatures 

studying the air side characteristics using a minichannel heat exchanger with circular 

channels are rare. The Nu number found for minichannel heat exchangers is 0.21 to 16 

times higher than that for conventional heat exchangers. Kandlikar and Shah (2006) 

classification is based on the channel size, which is widely used nowadays, is outlined in 

Table 1.1.  

Table 1.1 Channel classifications, Kandlikar and Shah (2006) 

Conventional passages > 3 mm 

Minichannels 3 mm ≥ D ≥ 200 μm 

Microchannels 200 μm ≥D ≥10 μm 

Transitional Microchannels 10 μm ≥ D ≥ 1μm 

Transitional Nanochannels 1μm ≥D ≥ 0.1μm 

Nanochannels 0.1μm ≥ D 

2.1 Scaling Effect 

The scaling effect describes the scale invariance found in many natural phenomena. 

Considering the scaling effect, some correlations used in conventional heat exchangers 

can be applied to minichannel heat exchangers working in the laminar regime. On the 

http://en.wikipedia.org/wiki/Scaling_law
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other hand, the applicability of other heat transfer characteristics is still under debate.  

Tuckerman and Pease (1981) initially investigated the use of microchannels in a heat sink 

to cool the silicon integrated circuits. Inspired by Tuckerman and Pease's work, Morini 

(2004) investigated several experiments on single phase convective heat transfer in 

microchannels. Although a literature exists that covers the correlation used for a 

developing laminar flow in conventional pipes, the correlations concerned with the 

developing laminar flow in circular serpentine multi-slab MICHX are rare. Khan et al. 

(2010) established a correlation for a single slab mini channel heat exchanger using 50% 

ethylene glycol-water mixture as the working fluid. The correlation found for that study 

was             
         

    , for Reynolds number range of              , 

which is higher than that for a fully developed flow in conventional heat exchangers. 

Dasgupta (2011) studied the air side of a mini channel heat exchanger using DI-water as 

the working fluid. The correlation was found from his study is                
      , 

he noticed that Nu is higher than Tang and Tailor's (2005). The main advantages 

minichannel heat exchangers provide over conventional compact heat exchangers 

considering the same heat transfer duty are: smaller size, lighter weight, larger heat 

transfer area density (m²/m³), lower fluid waste and less pollution for some fluids like 

Freon, higher heat transfer coefficient and energy efficiency. 

2.2 Axial Heat Conduction in the Channel Wall 

Gamrat et al. (2005) numerically analyzed the entrance and conduction effects in 

rectangular micro channel heat sinks. Two and three dimensional numerical models with 

1mm and 0.1 mm channel spacing were studied. In their study, water was used as the 

working fluid with Reynolds number range of 200 to 3000. The numerical simulation 
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results found to have a good agreement with the published data on flow and heat transfer 

in two dimensional channels. Results show that the entrance effect is dependent on 

Reynolds number and the channel spacing, which are not the same found for the 

reference case of uniform inlet velocity and temperature profiles reported by Shah and 

London (1978). The numerical models used in their work assumed some simplifications, 

e.g. viscous heating was not taking into account, which can decrease the Nusselt number 

especially for channels of smaller spacing than those investigated in the current work. 

There was no size effect on heat transfer showed when the channel spacing is reduced 

from 1mm down to 0.1 mm. As a result, the strong reduction in Nusselt number observed 

in the experiments cannot be explained due to conduction effects such as the axial 

conduction in the walls or deficient of two-dimensionality of the heat flux distribution 

since the geometry is complex. 

Tiselj and Hetsroni (2004) experimentally and numerically investigated heat transfer 

characteristics of water flowing in silicon micro channels with the length (L) of 10mm, 

   of 160  m, Re=3.2 64, and the Lth =0.13 3.3 mm. It was shown that the bulk water 

and wall temperatures do not change linearly along the channel. The local Nu range 

varied from 1.5   2.5. The Nu number along the channel had a particular point at which 

the difference between the temperatures of the wall and the bulk water becomes negative, 

the flux changes its sign, and is directed from the fluid to the wall. There are significant 

changes in the temperature gradient in the flow direction. Close to the channel outlet, the 

temperature gradients change sign. This value depends on Reynolds number and shifts to 

the channel outlet with the increase in Re. The non-monotonic behavior of the fluid and 

heated wall temperatures is due to high values of axial heat flux in the silicon wafer. The 
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axial heat flux has a maximum near the inlet collector and decreases in the flow direction 

up to zero. Zhuo et al. (2007) experimentally and numerically investigated 3 different 

rough tubes and 3 other different soft tubes with Dh =50 1570 and de-ionized water to 

cool the water at Re= 20 2400. Axial heat conduction (AHC) was studied numerically. 

The effect of AHC weakened as Re increased and relative tube wall thickness decreased, 

thus the local Nu approached the conventional theory prediction. Axial heat conduction 

number M is a dimensionless number that was used to express the relative importance of 

the axial heat conduction in the tube wall over the convective heat transfer of the fluid 

flow in the tube.  M is not the only criterion for judging whether the axial heat conduction 

can be neglected. When increasing Re to more than 100, the results agreed with the 

traditional heat transfer characteristics. 

   
     

     
 

            

                
   (2-1) 

Where 

          
 , and           

    
     

                 (2-3) 

                      (2-4) 

The heat conduction of water in mini-micro channels was numerically investigated by 

Maranzana et al. (2004). The wall heat flux density, for small Reynolds numbers, can 

become strongly non-uniform: most of the flux is transferred to the fluid flow at the 

entrance of the mini–micro-channel. Another finding was that axial heat conduction in 

the walls of a mini–micro counter-flow heat exchanger yielded a loss of efficiency: an 

optimal wall conductivity that maximized this efficiency existed. A new non-dimensional 

number, axial conduction number (M) quantifying the relative part of conductive axial 
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heat transfer in walls has been introduced. Disregarding this effect can lead to very large 

bias in the experimental estimation of heat transfer coefficients, especially for small 

Reynolds numbers. Even if the non-dimensional numbers (Brw, and NTU) and boundary 

conditions have an effect on axial conduction too, it has been noticed that in the 

simulation of most cases that were studied, axial conduction can be neglected as soon as 

the M number becomes smaller than 10
-2

. Axial conduction in the walls has to be 

considered for the design of mini channel heat exchangers. There existed an optimal 

conductivity for the wall which maximized the exchanger efficiency. 

Cole and Cetin (2011) numerically studied axial conduction both in the fluid and in the 

adjacent wall for heating using a parallel-plate microchannel. A uniform heat flux was 

applied to the outside of the channel wall. The fluid was liquid with constant properties 

and a fully-developed velocity distribution. The study included obtaining numerical 

results for the local and average Nusselt number for various flow velocities, heating 

lengths, wall thicknesses, and wall conductivities. These results have applications in the 

optimal design of small-scale heat transfer devices in areas such as biomedical devices, 

electronic cooling, and advanced fuel cells. It was found that the effect of the axial 

conduction in the channel wall is important when: (i) the microchannel has a small 

length-over-height ratio; (ii) the Peclet number (Pe) is small; (iii) the wall thickness 

relative to the channel height is large; and, (iv) the wall conductivity of the wall material 

is high relative to the thermal conductivity of the working fluid. For high Pe flow (e.g. 

Pe> 100) along with a low thermal conductivity wall, the effect of the axial conduction in 

the wall is negligible. 
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2.3 Viscous Dissipation 

Viscous dissipation is defined as the transformation of kinetic energy to internal energy 

(heating up the fluid) due to viscosity. These energies include both turbulent kinetic 

energy and mean flow kinetic energy. Viscous dissipation in fluid dynamics usually 

means dissipation of energy, although it can be dissipation of vortices etc. In a viscous 

fluid flow, the viscosity of the fluid will take energy from the motion of the fluid (kinetic 

energy) and transform it into internal energy of the fluid which leads to temperature rise 

of the fluid. This process is partially irreversible and is referred to as dissipation, or 

viscous dissipation. Dissipation is high in regions with large gradients (boundary layers, 

shear layers etc.) and also in regions with very high turbulence levels (wakes etc.). At 

high Mach numbers (air Reynolds number is also an important parameter) there is a 

considerable amount of temperature rise in the boundary layer due to "viscous 

dissipation". 

The energy transferred to heat will raise the temperature of the fluid. Viscous dissipation 

is also important in high viscosities fluid flows where the temperature of the fluid 

increases with the increase of viscosity. Viscous dissipation is considered here for vertical 

surfaces subject to both isothermal and uniform-flux surface conditions. 

Viscosity is a measure of the resistance of a fluid which is being deformed by either shear 

or tensile stress. In everyday terms (and for fluids only), viscosity is the "thickness" or the 

"internal friction". Thus, water is "thin", having a lower viscosity, while honey is thick. 

Koo and kleinstreuer (2004) numerically and experimentally examined the viscous 

dissipation effects in microchannels and micro tubes using three common working fluids 

water, methanol and isopropanol in different conduit geometries. It was established that 

in microchannels viscous dissipation is a strong function of the channel aspect ratio, 

http://en.wikipedia.org/wiki/Drag_%28physics%29
http://en.wikipedia.org/wiki/Fluid
http://en.wikipedia.org/wiki/Shear
http://en.wikipedia.org/wiki/Tensile_stress
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Honey
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Reynolds number, Eckert number, Prandtl number and conduit hydraulic diameter. Thus, 

ignoring viscous dissipation can affect the accuracy of the flow simulations and 

measurements in micro conduits.  

The viscous dissipation effect on the friction factor was found to increase as the system 

size decreases. Specifically, for water flow in a tube with D < 50  m, viscous dissipation 

becomes significant and hence should be taken into consideration for all experimental 

and computational analyses. 

Channel size, Reynolds number, and the Brinkman number (or the Eckert number and the 

Prandtl number) are the key factors which determine the impact of viscous dissipation. 

Viscous dissipation effect can be very important for fluids with low specific heat 

capacities and high viscosities, even in relatively low Reynolds number flows. 

The effect of viscosity change, caused by variations in fluid temperature, on viscous 

dissipation was found to be measurable for flows in a long channel with a small hydraulic 

diameter. For liquids, the viscous dissipation effect decreases as the fluid temperature 

increases.The aspect ratio of a channel, i.e., height vs. width plays an important role in 

viscous dissipation. Specifically, as the aspect ratio deviates from unity, the viscous 

dissipation effect increases.Viscous dissipation increases rapidly with a decrease in 

channel size and hence should be considered along with imposed boundary heat sources. 

Ignoring the viscous dissipation effect could ultimately affect friction factor 

measurements for flows in micro conduits. 

Morini (2005) analytically studied viscous heating of liquid flow in micro-channels. The 

viscous dissipation effect was demonstrated to be a typical ‘‘scaling effect’’ for micro-

channel flows. This effect can become very important for liquid flows when the hydraulic 
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diameter is less than 100  m. The temperature rise in an adiabatic micro-channel has 

been expressed as a function of the Eckert, and Reynolds numbers. The theory of heat 

transfer in microtubes with viscous dissipation effect has been studied by Tunc and 

Bayazitoglu (2001) considering steady state laminar flow with uniform temperature and 

uniform heat flux boundary conditions. Herwig and Hausner (2003) explained the 

deviation of minichannel heat exchangers from the conventional heat exchangers as 

scaling effects since the minichannel used in the study is relatively short (<150 D). 

Variable property effects due to axial temperature and pressure drops probably are of 

minor importance. Therefore, the focus would be first on axial heat conduction and the 

conjugate effect. CFD calculations with adequate grid resolution are a proper tool, since 

the flow is laminar so that there is no turbulence modeling problem. It is demonstrated 

that the bulk temperature is not distributed linearly between the inlet and outlet values. 

Physically, this corresponds to the strong conjugate effects and considerable axial heat 

conduction.  

Xu et al. (2002) theoretically analyzed and examined the effects of viscous dissipation in 

microchannel liquid flows. The parameters affecting the viscous dissipation in microtubes 

included D, L, ρ, cp, k, µ, Um, and ∆T.  From the Buckingham Pi theorem, for a case with 

eight parameters and four primary dimensions, four independent dimensionless groups 

exist, Π1, Π2, Π3 and Π4 in descriptions of the relationships of these eight parameters. 

 G (Π1, Π2, Π3, Π4) = 0  (2-5) 

Adopting the standard approach in dimensional analysis, and choosing ρ, c p, U, and D as 

the repeated parameters, the remaining four parameters may be expressed in terms of the 

repeated parameters as,    
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   can be referred to as the viscous number and it measures the viscous dissipation energy 

relative to fluid energy rise as in the following equations, 

                                                  (2-20) 

                                                    (2-21) 
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It was found that the viscous dissipation effect becomes significant and influences the 

temperature, the pressure, and velocity distribution of the flow. Therefore, relationships 

between the average friction factor and the Reynolds number change when the hydraulic 

diameter of the microchannel is very small. The viscous dissipation effect is shown in the 

rise of the velocity gradient as the hydraulic diameter reduces for a constant Reynolds 

number. Choosing water as an example, the criterion for the significance of the viscous 

dissipation effect on flows has been established. This criterion can be used to evaluate the 

possibilities of the viscous dissipation effect on flows in micro geometries. The method 

employed can also be used to discuss the effects of the viscous dissipation for other fluids 

flowing in micro geometries.  

TSO et al. (1998) surveyed the convective heat transfer in microchannels where 

Brinkman number (Br) is proposed as a parameter for correlating the convective heat 

transfer parameters. Principal dimensional analysis using inputs from the survey showed 

that in addition to Re, Pr, and a dimensionless geometric parameter of the micro- 

channels, Nu can be correlated with Br in the form of equation (4) generally, and in the 

form of equation (16) specifically for rectangular microchannels. Br is not only a measure 

of the relative importance of viscous dissipation in microchannels, but also decides the 

fundamental limit for the reduction of the microchannel dimension. It should be more 

important in the laminar regime compared to the transition and turbulent regimes. For the 

case of heating, the exponent of Br is positive as it is confirmed by experimental data. 

From the present analysis, the exponent of Br is negative for cooling. The unusual 

behavior of the decrease in Nu with the increase in Re in the laminar regime can be 

explained using Brinkman number. 
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TSO et al. (2000) experimentally investigated the unusual behavior of Nusselt number 

with Brinkman number in the laminar regime using water flow in a microchannel test 

specimen. The laminar single-phase forced convective heat transfer in microchannels 

correlates with Brinkman number at constant wall heat flux boundary condition. The 

global correlation for Br followed a good trend quantitatively for constant wall heat flux 

boundary condition as the data was obtained along the flow. The Brinkman number is 

associated with the convection heat transfer. Variations in the Brinkman number captured 

the variation in the change in viscosity both over the cross section and along the flow, and 

the momentum transfer and conduction heat transfer across the flow. The viscosity 

variations combined with the temperature and velocity fields cause a change in the 

temperature profile along and across the flow which in turns affect the rate of convection. 

This effect is generally observed in microchannels and identified here as the secondary 

effect of Br.   

2.4 The Minichannel Heat Exchanger (MICHX) 

Forced convection heat transfer in a cross-flow microchannel heat exchanger was 

experimentally investigated by Cao et al. (2010). The maximum volumetric heat transfer 

coefficient found with DI-water as the working fluid reached 11.1MW.m
-3

.K
-1

 with a 

corresponding pressure drop of less than 6 kPa when Reynolds number in the 

microchannels was ∼64. Furthermore, the maximum volumetric heat-transfer coefficient 

using air as the working fluid was 0.67 MW.m
-3

.K
-1

 at a corresponding pressure drop of 

∼30 kPa when Re ≈ 1026. Correlations of the average Nusselt number and Re values 

were obtained from the main cryogenic heat exchanger (MCHE) with 2 plates and their 

validity was confirmed by other MCHEs with 2 and 10 plates. 
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CHAPTER III 

DESIGN AND METHODOLOGY 

3.1 Key Assumptions 

The following assumptions were made to facilitate data reduction and proper evaluation.  

- Experiments were conducted at steady state.  

- Heat transfer due to radiation is negligible.  

- No heat loss from the test chamber to the surrounding.  

- No condensation on the surface of the heat exchanger.  

3.2 Bulk and Wall Temperatures 

The use of the fluid bulk mean temperature to evaluate the fluid thermo-physical 

properties was suggested by Shah and Sekulic (2003). Their book provides a detail 

explanation of why calculating the fluid properties at the bulk temperature. Muzychka, 

(2011) also suggested the use of the bulk temperature for calculating the fluid properties 

in heat exchangers.   

Muzychka (2011) explained the use of the fluid temperature based on the application 

such as using the fluid inlet temperature for single fluid application as in heat sinks and 

fluid Bulk mean temperature for two fluids application as in heat exchangers. In the 

current study, the mean bulk temperature was considered as the representative 

temperature for finding the properties of the working fluids. 

The thermo-physical properties of DI-water were found which basically include; specific 

heat, thermal conductivity, density, dynamic viscosity, etc. The bulk mean temperatures 

of DI-water and air are calculated from the following formulas, 

                                           
         

 
 (3-1) 
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  (3-2) 

Inner surface wall temperature (Ts,i) and outer surface wall temperature (Ts,o) are  used in 

the calculation of the dimensionless numbers such as Eckert Number (Ec), and other 

parameters such as the heat transfer coefficient (h). Thermocouples were installed at the 

outer surface of the channel wall to provide the temperatures readings. While, the inner 

surface temperature is calculated as, 

  Ts,i=Ts,o+(Qavg×Rwall) (3-3) 

Where, Rwall is wall thermal resistance and can be computed as, 

 Rwall=
   

  
  

 

         
 (3-4) 

3.3 Dimensionless Numbers 

A dimensionless number is a quantity disassociated from any physical dimension. 

Dimensionless quantities are broadly used in physics, mathematics, and engineering. The 

well-known dimensionless quantities in the field of heat transfer which are explained 

below are Re, Pr, and Nu. A summary of the most important dimensionless numbers 

follows hereafter. 

3.3.1 Reynolds Number (Re) 

Reynolds number (Re) is a dimensionless number named after the founder Osborne 

Reynolds. It is the most significant dimensionless number defined as the ratio of the 

inertia forces over viscous forces. Re is used to characterize different flow regimes such 

as: laminar, transition, and turbulent flows. Laminar flow occurs at low Reynolds 

numbers, where viscous forces are governed, and is characterized by smooth and constant 

fluid movement. Turbulent flow occurs at high Reynolds numbers and is governed by 

http://en.wikipedia.org/wiki/Dimensional_analysis
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Mathematics
http://en.wikipedia.org/wiki/Engineering
http://en.wikipedia.org/wiki/Pi
http://en.wikipedia.org/wiki/Golden_ratio
http://en.wikipedia.org/wiki/Laminar_flow
http://en.wikipedia.org/wiki/Turbulent


Thermal Performance Study of a Prototype Multiport Heat Exchanger 

Shahram Fotowat . M.A.Sc. Thesis 2012. Dept of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada  19 

inertial forces, which incline to produce messy eddies, vortices and other flow 

instabilities. Re definition is shown as follows, 
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Where 
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 (3-7) 

    is a characteristic length or a hydraulic diameter, and is shown as 

     
  

 
  (3-8)     

P is the wetted perimeter. For circular cross section geometry, the equation becomes as, 

    
      

   
   (3-9) 

Where, the hydraulic diameter is the channel diameter. 

Muzychka, et al. (2009) investigated non circular cross section geometry in a laminar 

developing flow. They presented a new characteristic length, which is the square root of 

the channel cross sectional area. Bahrami et al. (2009) concluded that the square root of 

the channel cross sectional area can convey better results in fluid flow studies when 

expressing the hydraulic diameter of the geometry. 

     √   (3-10) 

For the current study, Re is shown as, 

 Re = 
 ̇

       
   (3-11) 

http://en.wikipedia.org/wiki/Eddy_%28fluid_dynamics%29
http://en.wikipedia.org/wiki/Vortex
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3.3.2 Prandtl Number (Pr) 

The Prandtl number is a dimensionless number named after Ludwig Prandtl who 

introduced the concept of the thermal boundary layer. Prandtl number is defined as 

    
                    

                   
 

 

 
 

     

 
   (3-12) 

The heat transfer rate depends on the thermal boundary layer as well as the velocity 

boundary layer. The thermal boundary layer is thicker compared to the velocity boundary 

layer when Pr<<1 and thinner when Pr>>1. Prandtl number < 1 indicates higher thermal 

diffusion in heat transfer.  

3.3.3 Nusselt Number (Nu) 

Nusselt number reveals how much faster the convective heat transfer can occur. It is 

named after Erst Kraft Wilhelm Nusselt, a German scientist. This dimensionless number 

is the ratio of convection to conduction heat transfer. It is expressed as, 
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  (3-14a) 

     
      

  
  (3-14b)  

3.3.4 Dean Number (De) 

The Dean number (De) is another dimensionless number. It was found while W.D. Dean, 

its creator, was investigating a fully developed laminar flow in a curved circular cross 

section tube. It shows the ratio of the viscous force on a fluid flowing in a curved pipe or 

a serpentine channel to the centrifugal force. Furthermore, it represents Re and the ratio 

of the square root of tube radius to the radius of the curvature. 

    
                                                        

                  
  (3-15) 
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For a Newtonian flow, the curvature of the pipe path creates centrifugal forces on the 

fluid flow which produce a secondary flow. The velocity vector begins to change towards 

the outside of the curvature due to the centrifugal force vector resulting in a secondary 

flow. This causes the separation near the inner bend of the curved tube. Consequently, 

vortices are created due to the return of the flow along the upper and lower curved 

surfaces. Low Dean numbers point out that the axial-velocity profile stays parabolic 

similar to the fully developed straight tube’s flow. Higher Dean numbers demonstrate that 

the velocity profile is broken. The magnitude of the Dean number is affected by the 

curvature ratio: for low curvature ratios, the intensity of the secondary flow becomes 

higher. The developing length also increases with the increase in Dean Number. 

The augmentation of heat-transfer occurs upon the formation of Dean Vortices. 

Dehghandokht et al. (2011) fulfilled a numerical investigation on similar heat exchangers 

for a Reynolds number range of 850 <    < 2200 for water and 400 <    < 1700 for 

glycol-water mixture. They figured out that the velocity and thermal boundary layers 

broke down at the serpentine and new boundary layers start redeveloping. 

3.3.5 Brinkman Number (Br) 

Brinkman number (   ) is a dimensionless number that has an important role in viscous 

fluids. It is the ratio of viscous heating over conductive heat transfer. It can also be 

presented as the ratio of the heat production caused by viscous forces to the heat 

transferred through the wall as follows, 
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  (3-18)    

It is shown when the temperature of the viscous fluid rises due to viscous dissipations. In 

the current investigation, the effect of viscous dissipation due to viscosity and     will 

be investigated. 

3.3.6 Axial Heat Conduction Number (M) 

Axial heat conduction in the channel wall of a MICHX is evaluated by a non-dimensional 

number (M). It is defined as the ratio of the axial heat conduction in the tube wall to the 

convection heat transfer of the fluid inside the channel.  

   
                                      

                                                         
   

   
 ̇     

 ̇    
 

          
      

 

         
 (3.19) 

Where,  ̇      is the conductive heat transfer through the wall. As for         it is 

experimentally difficult to measure the accurate temperature difference of the channel 

wall, therefore, it was taken to be equal to the        . The        cannot be measured 

precisely through experiments, therefore, Li et al. (2007) numerically determined the wall 

and liquid temperature difference. The above equation can be simplified as, 

   (
     

      
) (

  
     

  

    
) (

 

     
) (3-20) 

3.4 Heat Transfer Characteristics 

3.4.1 Heat Transfer Rate (Q) 

The basic heat transfer parameters for both fluids were calculated based on the principle 

of energy conservation equations. The common equation is in the form of,  

 Q          (3-21) 
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  ̇   ̇             (3-22) 

Where, Ti and To are the inlet and outlet temperatures of the fluids, respectively. Thus, 

the heat transfer rate equations of the DI-water and air are expressed as, 

  ̇   ̇     (         )    (3-23) 

  ̇   ̇     (         )    (3-24) 

The heat transfer rate can be determined by means of convection using the bulk 

temperature of the fluid and the surface temperature as, 

    ̇       (         )   (3-25) 

   ̇       (         )   (3-26) 

The heat transfer rate can also be found using the LMTD method as,  

  ̇                  (3-27) 

Where,          is the log mean temperature difference, U is the overall thermal 

coefficient, A is heat transfer surface area, and F is the correction factor. The         can 

be evaluated as, 

      
       

   
   
   

 
 (3-28) 

                     (3-29) 

                     (3-30) 

The correction factor F is equal to 
   

    
 where,     is the average of the inlet and outlet 

temperature differences expressed as     
       

 
 . For different configuration and 

flow arrangements,      usually stays unchanged. The value of F can be found using the 
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charts if P, the effectiveness of temperature loading and R, the capacity rate ratio are 

known as, 

   
     

      
, and

 
   

     

     
 (3-31) 

The heat transfer rate due to radiation between the thermal wind tunnel and the room is 

ignored due to the negligible temperature difference between them Twall, inner ≈ Ta,i. The 

heat transfer coefficient between the thermal wind tunnel wall and the room is calculated 

from the following formula, 

        (    
      

 )(         ) (3-32) 

For emissivity of  = 0.15, the hrad found is 0.8 
 

     
 in this case, the hrad will not be more 

than 0.1% of the convectional heat transfer rate. Therefore, the effect of the radiant heat 

transfer was ignored. 

3.4.2 Heat Balance (HB) 

It is assumed that the test chamber is well insulated and there is no heat loss between the 

test chamber and the surrounding. In other words, the heat transfer from the airside and 

the liquid side should be considered equal. As this assumption is not valid for a practical 

case, it is necessary to estimate the heat balance based on the percentage of liquid-side 

heat transfer compared to the ideal case. In real applications, HB cannot be zero and its 

equation can be written as, 

    (
 ̇   ̇ 

  ̇
)      (3-33) 

For more accurate results, the HB can be calculated based on the average heat transfer 

rate instead of the liquid heat transfer rate and the equation is expressed as, 

       (
 ̇   ̇ 

 ̇   
)      (3-34) 
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The average heat transfer rate is found as, 

  ̇    
 ̇   ̇ 

 
 (3-35)      

It is worthy to note that the ASME PTC 30-1991 acceptance of the heat balance HB 

range is limited to    . 

3.4.3 Heat Transfer Coefficient (h) 

Heat transfer coefficient is a significant parameter that plays a role in the heat exchanger 

design and analysis. It represents the convection heat transfer rate between a fluid and a 

surface.  

   
    ̇

          
 (3-36) 

Where,  ̇    is the average heat transfer rate,     is the heat transfer surface area, and Tb 

is the fluid bulk temperature, and Ts is the temperature of the inner or outer heat transfer 

surface. Heat transfer coefficient can also be calculated from Nusselt number correlation 

as, 

    
    

  
 (3-37)        (

      

     
) 

3.5 Heat Transfer Performance 

3.5.1 Overall Thermal Conductance (UA) 

The thermal resistance is a material property and a measure of the resistance of the 

material to the heat flow. The total thermal resistance can be calculated as, 

                       (3-38) 

http://en.wikipedia.org/wiki/Heat_flow
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Where,    
 

      
 ,       

  (
  
  

)

      
,     

 

     
, are the thermal resistances of air, wall 

and water, respectively. The notation    is the fin effectiveness or the fin airside extended 

surface efficiency. It is calculated as, 

      
  

  
(    ) (3-39) 

Where,    is the fin efficiency and it depends on the fin geometry and arrangement.    is 

the fin area and    is the total heat transfer surface area of the airside.  

Accordingly, the overall thermal resistance can be estimated as, 

    
 ̇   

       
 (3-40)           

 

  
 

        

 ̇
    (3) 

Where, UA is the overall heat coefficient based on the surface area and F is the log mean 

temperature difference correction factor for a cross flow heat exchanger. In this study, F 

has been considered as a unity. 

3.5.2 Effectiveness ( ) 

The heat exchanger performance is usually characterized by its effectiveness ( ) and 

number of transfer units (NTU). Effectiveness can be calculated as, 

   
 ̇

 ̇   
 

 ̇

( ̇  )
   

     
        (3-41) 

In the current investigation, the minimum heat capacity rate was found on the waterside 

and the maximum temperature difference is between water inlet (Tw,i) and air inlet (Ta,i). 

Rearranging the above equation,   can be rewritten as; 

   
 ̇

( ̇  )
 

           
    (3-42) 
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3.5.3 Number of Transfer Units (NTU) 

The number of transfer units (NTU) is defined as the ratio of the overall thermal 

conductance (UA) to the minimum heat capacity rate       as, 

     
  

    
 

  

( ̇  )
 

    (3-43) 

It is considered a design parameter for heat exchangers and it is an indication of the non-

dimensional thermal size rather than the physical size of exchangers. 

3.5.4 Pressure Drop    

The pressure drop is considered a vital factor that plays an important role in the heat 

exchanger performance. The total pressure drop through the heat exchanger core depends 

on the geometric parameters, the fluid types, and the thermodynamic properties. 

Hereafter, some important parameters such as the friction factor (f), entrance effect, and 

pressure drop in the straight tube and the curved tube are expressed. 

3.5.5 Friction Factor (f): 

In fluid dynamics, the Darcy–Weisbach equation for the friction factor relates the head 

loss and the pressure loss due to friction along a given length of a pipe to the average 

velocity of the fluid flow. Darcy’s friction factor is referred to as f.  

      
 

 

 

    (3-44) 

The friction factor is used to determine the pressure drop for fully developed or 

developing laminar flow as illustrated below, 

    
      

  
 (3-45) 

Where, p is the channel circumference. The Hagen Poiseuille theory expresses the 

pressure drop in a fluid flowing through a long cylindrical pipe. It is mentioned that after 

http://en.wikipedia.org/wiki/Fluid_dynamics
http://en.wikipedia.org/wiki/Head_loss
http://en.wikipedia.org/wiki/Head_loss
http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Friction
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a fluid enters a channel or a tube, the velocity profile begins to develop through the 

channel until it is fully developed. The velocity is assumed to be uniform at the entrance 

and the pressure drop in the minichannels is substantial. Hence, the pressure drop caused 

by the entrance effect should be taken into consideration. If the entrance length is very 

small in comparison to the total length, the entrance effect may be ignored. 

3.5.6 Pressure Drop in the Straight Tube: 

There are two significant lengths in the tubes: the hydrodynamic entrance length and the 

thermal entrance length. The entrance lengths indicate the flow character. For a laminar 

flow, the hydrodynamically developing length is proportional to Re and    and can be 

found through the following equation, 

              (3-46) 

The thermal entrance length can be estimated as, 

                (3-47) 

Or 

          
      

 

 
 (3-48) 

For fully developed flow, the pressure drop is found as,  

    
       

    (3-49) 

     
 

 

    

 
 (3-50) 

Where, D is the channel diameter, L is the flow length, V is the flow velocity, and    is 

the dynamic viscosity. 
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CHAPTER IV 

EXPERIMENTAL SETUP 

The current experiments were conducted through a well-designed and instrumented 

experimental setup as shown in Fig. 4.1. It consists of a closed-loop integrated thermal 

wind tunnel, test chamber, liquid circuit with heater, various measuring and monitoring 

instruments, a built-in heat exchanger that maintains the inlet-air temperature, wavy-

finned serpentine cross-flow minichannel heat exchanger, variable speed gear pump that 

provides the flow of the fluid, and a 16 bit LabView data acquisition system that monitors 

and records all data. The largest component of the setup is the integrated closed-loop 

thermal wind tunnel.  

 

Figure 4.1 Schematic diagram of the experimental setup 
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Figure 4.2  The experimental setup 

4.1 Air Handling System 

4.1.1 The Closed Loop Thermal Wind Tunnel 

The largest component in the experimental setup is the closed loop thermally insulated 

wind tunnel (thermal wind tunnel). It consists mainly of a built-in heat exchanger and a 

test section. The wind tunnel is 544 cm long, 75 cm wide and 164 cm high and has a 

contraction ratio of 6.25 with a wall thickness of 1cm. The air is forced to flow inside the 

wind tunnel by means of a blower which is driven by an electrical motor. The arrows in 

Fig. 4.1 show the direction of the air inside the wind tunnel. It is capable of providing 30 

m/s free stream velocity without the test specimen, whereas a velocity of 18 m/s with the 

test specimen installed in the test chamber. A built-in heat exchanger is mounted inside 

the wind tunnel to maintain the inlet-air temperature to the required temperature. The test 

chamber is installed in the middle upper part of the wind tunnel. The wavy-finned 

serpentine cross-flow minichannel heat exchanger is located inside the test chamber. Two 
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T-type thermocouple grids are installed at the upstream and downstream of the test 

chamber. Those thermocouples measure accurately the inlet and outlet temperatures of 

the air across the test chamber. 

4.1.2 The Test Chamber 

The test chamber is a cubic shape cross section of 305 mm X 305 mm dimensions and 

has a length of 610 mm along the flow direction as illustrated in Fig. 4.2. It is made of 6.5 

mm thick plexiglass with a thermal conductivity of 0.19
 

   
. The test chamber is also well 

insulated to ensure a negligible heat transfer between the test chamber and its 

surroundings. It is made to fit the wind tunnel, and ensure disturbance of the flow does 

not occur while passing through the test chamber in order to minimize uncertainties. To 

measure the air inlet velocity, a 12 inch Pitot static tube was installed in the middle inlet 

of the test chamber. 

4.1.3 Air Temperature Measurements 

Two grids of 9 and 25 thermocouples as shown in Figures (4.3) and (4.4) are installed at 

the upstream and downstream of the test chamber, respectively, to measure the inlet and 

outlet air temperatures across the test chamber. Each grid plane is installed at a distance 

of 14 times the semi axial length away from the inner and outer boundaries of the test 

chamber. They accurately measure the temperatures of the air upstream (Ta,i) and 

downstream (Ta,o) the test chamber. While running an experiment, a sufficient time is 

needed for the air side temperatures to be stabilized. Then a DAQ system is used to 

collect and record all the temperatures. It is found that the air temperature is more 

uniform at the upstream than it is at the downstream. 

The air side specifications of the minichannel heat exchanger are given in Table 4.1. 
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Table 4.1 Airside specifications of the MICHX 

Frontal area 0.304m × 0.304m 

Minimum free flow area 70.9 × 10
-3

 m 

Air flow length 100 ×10
-3

 m 

Hydraulic diameter 3.49 × 10
-3

 m 

Fin type Deep Wavy 

Fin density 12 fins per inch 

Fin height 16 × 10
-3 

m 

Fin thickness 0.1 × 10
-3

 m 

Total fin area 7.88 m
2
 

Total heat transfer area-airside 8.13 m
2
 

Contraction ratio 0.818 
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Figure 4.3 Thermocouples arrangement at 

the inlet and outlet of the MICHX 

Figure 4.4 Thermocouple grids 

4.2 Liquid Handling System 

The liquid handling system consists of major operational components, as well as flow 

measurements, monitoring and safety devices. The major operational components are:  

- Electric heater 

- Gear pump 

- Reservoir tank 

4.2.1 Inline Immersion Heater with PDI Controller 

The inline circulation immersion heater has a PDI controller and made by Wattco with 

model # of MFLI606X2818. The heater consists of a 6 × 1 KW element to produce up to 

6 KW of heat with dimensions of 1.5” (38.1 mm) inlet and outlet. It also has a 4” (150 lb. 

flanged) and a stainless steel vessel. This heater is capable of sustaining a pressure of 6.8 

Mpa and a temperature of 150 . The heater has a 4.6
 

    watt density which falls within 

the medium range. An inbuilt thermocouple placed at the center of the flange feeds the 

data to the PID controller that controls the heater operation. The PID controller model 
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number is # SD6C-HJAAAARG. It provides a better control of the temperature than an 

on-off controller since the on-off controller only sets the heater as fully on or fully off. 

 

Figure 4.5 Inline immersion heater with a PDI controller (Durex Industrial) 

4.2.2 Recirculation Gear Pump 

A gear pump is generally used when a constant volume flow rate is required regardless of 

the upstream pressure change. The gear pump used in this study has the capacity of 

producing 17.4 GPM and 150 psi. It is operated through a controlled electric motor with a 

5.6 kW and 60 Hz frequency that is able to produce the desired liquid flow rate 

throughout the system. The operating temperature range of the pump is (-54 to 12) . The 

make and the model of the pump are Omega and FPUGR205 – RCB, respectively. The 

pump has a power of 3.6 hp at a maximum pressure. It can handle all non-corrosive 

liquids up to 21,630 cSt. The maximum viscosity the pump can handle is 750 cP. 

http://www.durexindustries.com/products/electric-heaters/immersion-heaters/flange-immersion-heaters/
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4.2.3 Reservoir Tank 

The reservoir tank is a storage tank placed at the gear pump suction. It is usually filled 

with liquid to avoid any cavitation at the entrance of the pump. The liquid is forced flow 

from the tank throughout the system and then return to the tank again. The tank has a 

cylindrical shape with a capacity of 23 gallons (87 liters) and dimensions of: Height=60 

cm, Diameter = 43cm and thickness= 0.4 cm. The tank is well insulated by 2 inches glass 

wool. The tank can sustain a temperature of up to 100  C. 

4.2.4 Resistance Temperature Detector (RTD) 

The resistance temperature detector (RTD) is a highly precise temperature detector that 

works based on the Wheatstone bridge theory. It has a wide temperature range of (-

100  400 ) for Thin film type and a temperature range of (-200  850 ) for wire-

wound type. Compared to the thermocouples, RTDs possess greater accuracy. In the 

current experiment, two RTDs, pt100 and PM1/10-1/4xxx that are capable of reading up 

to 5 volts are used. They are located at the entrance of the inlet header and at the exit of 

Figure 4.6 Frequency controlled gear pump 
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the outlet header to measure the temperatures of DI-water at the inlet and outlet of the 

heat exchanger core. 

 

Figure 4.7 Resistance temperature detector (RTD) 

4.2.5 Differential Pressure Transducer (PTD) 

A pressure transducer is an instrument used to precisely measure the pressure of the fluid. 

Two PTDs, PX 309 and 005G5V, are used at the entrance of the inlet header and at the 

exit of the outlet header to measure the pressure of DI-water at the inlet and outlet of the 

heat exchanger core. The PTDs have an accuracy of  0.25% FS (full scale) with 

overvoltage protection and reverse polarity. 
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Figure 4.8 Pressure transducer (PTD) 

4.2.6 Oil-filled Pressure and Temperature Gauges 

The oil-filled temperature and pressure gauges are used in this research to monitor the 

temperature and pressure at critical points such as the pressure at the outlet of the pump 

and the temperature at the outlet of the immerse heater. 

  

Figure 4.9 Oil-filled pressure gauge Figure 4.10 Oil-filled temperature gauge 

4.2.7 Flow Meters 

Two types of flow meters are used in the experimental setup: impeller flow meter (IFM) 

and digital flow meter (DFM). They are used to record and monitor the fluid flow rate, 
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temperature, and pressure. The make and model of the IFM are Omega and FPR304, 

respectively, which is capable of monitoring 0.5-40GPM and is located at the outlet of 

the MICHS core. The make and model of the DFM is Proteus and FLUID-VISION 4000. 

The RTD mechanism uses a semi-conductor transducer to measure the temperature in 

terms of an electric voltage. It provides an output voltage range of 0-5 VDC at the inlet 

and 0-10 VDC or 4-20 mA at the outlet, respectively. This device works at temperature 

range between -40  and 140 . For DFM actuation, a 24 VDC  10% and a 200mA 

supply are needed. The accuracy of both IFM and DFM are  0.5% FS and   1% FM, 

respectively. 

 

 

 

Figure 4.11 Digital flow meter Figure 4.12 Impeller flow meter 

4.2.8 Micro Filter 

A micro filter is a filter with a micron mesh element to protect the MICHX and the digital 

flow meter from blockage. It is mounted before the digital flow meter at the inlet tubing. 

Two types of micro elements are available (230     and 420  ). For this study, a 

230    filter element was used. Any blockage in the micro filter results in a pressure rise 
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at the pump outlet, therefore, the filter was installed so that it can be easily removed and 

cleaned. 

 
 

Figure 4.13 Filter element Figure 4.14 Cross section of the micro filter 

 

4.2.9 Safety Valve 

A valve is installed at the inlet line for safety in case the filter or the MICHX are clogged 

and the pressure rises unexpectedly. The safety valve prevents any damages to the 

system. 

Figure 4.15 Safety valve  

- Calibration 

A calibration procedure should be applied at the same experimental conditions. Preceding 

any experiment, the inlet and outlet RTDs, PTDs, and thermocouples on both air and DI-

water sides were calibrated using the thermocouple and RTD calibrators. These 
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experiment results were recorded and entered into the National Instrument data 

acquisition system. 

4.3 Data Acquisition System (DAQ) 

The data acquisition system (DAQ) is the main and highly accurate part of the system 

that records all the data needed to perform the analysis. The main components of the 

DAQ system are:   

4.3.1 Data Acquisition System Software (LabView) 

The Laboratory Virtual Instrumentation Engineering Workbench (LabView version 8), 

which is produced by National Instruments, is used in the current system. It collects all 

the data at a sampling rate of 100 kHz. It is supported by a National Instrument data 

acquisition card, NI-PCI-6052E multi-function I/O Board that is connected to the PC.  

4.3.2 SCXI Signal Conditioning 

The devices in the DAQ system that collect electrical signals from the measuring devices 

are called signal conditioning. An SCXI signal conditioning consists of multichannel 

signal conditioning modules placed in one or more rugged chassis. The signals come 

from thermocouples (TCs), RTDs, PTDs, and flow meters and are processed by the 

LabView software to present the final data. 

4.3.3 Terminal Block Model SCXI-1300/1303 

The terminal block has 32 available channels and is connected to the modules through 

screws which in turn are connected to the chassis. The terminal block can conveniently 

connect input signals such as RTDs, PTDs, thermocouples, and flow meters.  
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Figure 4.16 Terminal Block model SCXI -1300/1303 

4.3.4 Module SCXI-1102 

The Module SCXI- 1102 sets signals as legible by the 16-bit data acquisition card    (NI 

6052E). More than 300 analog signals are collected from RTDs, PTDs, and TCs from 

different voltage and current sources that are required to process the data. 

4.3.5 SCXI-1000 

The SCXI-1000 is a chassis that holds the terminal block as well as the modules and 

supply the power to them. 

4.3.6 Data Acquisition Card 

The data acquisition card is a switchless, jumperless data acquisition (DAQ) card. It is 

connected to the PC and transfers the data from the DAQ to the PC. The system has 128 

channels for acquiring data. It is able to monitor, read, and record 96 individual 

parameters through 96 channels at a rate of 100 Hz.  

4.3.7 Flow Kinetics (FKT) 

The Flow Kinetics device used in the experimental set up measures the pressure, relative 

humidity, density, and the temperature of the air side. The make and model of the device 
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is Flow Kinetics TM-LLC /FKT-3DP1A-0.4-5-1. Pressure measurements include: an 

absolute pressure (Pabs) and three differential pressures (P1, P2, P3) concurrently for the 

airside inside the wind tunnel. The sample rate in the present study is 1 kHz for accuracy 

and consistency. 

 

 

Figure 4.17 Flow Kinetics device (FKT) 

4.4 Minichannel Heat Exchanger MICHX 

The serpentine slab minichannel heat exchanger is constructed of 15 multiport aluminum 

serpentine slabs in three circles as illustrated in Figures 4.18 and 4.19. Each slab is 2 mm 

thick and has 68 circular channels with inner hydraulic diameters of 1 mm. The frontal 

area of the MICHX is 304mm X 304 mm. The MICHX is capable of sustaining 15 MPa 

working pressure. The de-ionized water (DI water) coming from the inlet header is 

distributed into three inlet manifolds and passed through the three circuits. After 
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participating in the heat transfer, it leaves the heat exchanger core through three outlet 

manifolds and an outlet header. 

  

Figure 4.18 Minichannel heat exchanger, front and side view 

 

 

Figure 4.19 Minichannel serpentine flat slabs 
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The specifications of the liquid side of the MICHX are given in Table 4.2. 

Table 4.2 Specifications on the liquid side of the MICHX 

Hydraulic diameter 0.01 m 

Minichannel slab height 0.02 m 

Number of header(inlet &outlet) 2 

Number of flow passes 3 

Number of slabs in a circuit 5 

Total number of slabs 15 

Number of channels per slab 68 

Total heat transfer area-waterside 974.7x10
-3

 m
2
 

 

4.5 Experimental Methods and Operating Conditions 

In this study, the thermal performance and flow behavior of the working fluid, Di-ionized 

water and air, in a prototype multiport mini-channel heat exchanger were investigated for 

air heating. The DI-water was passed through the prototype multiport minichannel heat 

exchanger at a constant temperature of 70   0.5 . Three essential variables including 

DI-water mass flow rate ( ̇ ), air inlet temperature (Ta), and air velocity (Va) are used to 

study the fluid flow and heat transfer behavior. Mass flow rate was changed from 1.35 

kg/s to 2.15 kg/s that corresponded to Rew of 255 to 465. Air inlet temperature varied 
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from 25  0.5  to 38  0.5  at 5 steps (26 , 29 , 32 , 35 , 38 ). The air 

velocity passing through the heat exchanger core diverted from 6m/s to 18 m/s at 4 steps 

(6m/s ,10,m/s 14m/s,18m/s) that corresponded to Rea of 1650 to 5317 for each DI-water 

mass flow rate. 

Table 4.3 The operating conditions 
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CHAPTER V 

ANALYSIS OF RESULTS 

5.1   De-Ionised Water Properties 

5.1.1 Density 

De-ionised water is just what it sounds like, water that has the ions removed. The reason 

that in this experiment deionised water is used is that ions cause interference while an 

experiment is running. They can switch place with other ions. Water with ions in it is also 

quite a lot more electrically conductive than water without ions. 

The variation in density of DI-water with temperature is shown in Figure 5.1. The change 

in the water density is less than 2 percent for the temperature range of the case study Ma 

(2007). There is not much changes in other properties of DI-water such as specific 

heat  , dynamic viscosity , and conductivity k.  

 

 

Figure 5.1 The effect of temperature on the density of water 
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5.2   Deionised Water Properties 

5.2.1 System Heat Balance (HB) 

According to ASME PTC-1991, it is set that all the data collected in the defined 

operating condition is accepted in the range of ±15%. As shown in Figure 5.2, our current 

experimental data is between     which indicates that the heat loss to the surroundings 

is negligible due to proper heat insulation of the test section. The validation of these data 

confirms its suitability to be used for heat transfer calculations. 

 

 

Figure 5.2 Heat balance vs. water Reynolds number  
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5.2.2 Effects of Rew on Ta,i and Ta,o of DI-Water 

The effect of Rew on the water temperature drop ( Tw) in the heat exchanger is illustrated 

in Figure 5.3. The inlet-outlet temperature differences are higher at lower Re and lower at 

higher Re. Thus by increasing the Rew, the  Tw will decrease. The trend shows that for a 

specific high Rew the temperature drop will be insignificant. It is also shown that the Rea 

has a minimum influence on the temperature drop.  

 

Figure 5.3 Effects of water side Reynolds number on the temperature drop 
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Where, Q* is the normalized heat transfer rate, Af is the frontal area of the heat 

exchanger,      and       are the water and air inlet temperatures, respectively. The effect 

of Rew on Q* is plotted in Figure 5.4 It is revealed that Q* is dependent on Rew and 

increases with the increase of Rew. The following correlation demonstrates a power law 

relation. 

  Q* = 0.012    
      (5-2) 

 

 

Figure 5.4 The effect of water-side Reynolds number on normalized heat transfer (  ) 
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5.2.4 Effect of Rea on Air and Water Heat Transfer Rate 

 

Figure 5.5 The effect of Rea on the average heat transfer rate 

 

Figure 5.6 The effect of Rew on the average heat transfer rate
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5.2.5 Effect of Rea on LMTD 

Log Mean Temperature Difference (LMTD) is used to determine the temperature 

motivating force for heat transfer in flow systems, most remarkably in heat exchangers. 

The size and the heat transfer area could be found using LMTD method. LMTD is a 

normalized parameter that can be used to compare two different heat exchangers. The 

large the LMTD, the more heat is transferred. Figure 5.7 shows the effect of Rew on 

LMTD for different temperatures of water. The power law was the best curve fit. It is 

found from the figure that the highest LMTD belongs to the lowest Ta,i for a constant 

Rew. The illustration also shows that the LMTD is elevated as Rew is enlarged. 

 

 

Figure 5.7 The effect of Rea on  LMTD 

12

13

14

15

16

17

18

19

20

200 250 300 350 400 450 500

L
M

T
D

 

Rew 

Ta,i= 22.5 C Ta,i=25.5 C Ta,i=28.5 C

Ta,i=31.5 C Ta,i= 34.5 C

http://en.wikipedia.org/wiki/Heat_transfer
http://en.wikipedia.org/wiki/Heat_exchanger


Thermal Performance Study of a Prototype Multiport Heat Exchanger 

Shahram Fotowat . M.A.Sc. Thesis 2012. Dept of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada  52 

5.2.6 Effect of Rew on LMTD 

There are two dimensionless temperature quantities used in heat exchangers which are 

named as LMTD-dimensionless and   -dimensionless. The dimensionless    is 

expressed in Equation (5-3) as the ratio of the temperature change in the water side to the 

maximum temperature difference between the two fluids in heat exchangers. 

 

                   
         

         
   (5-3)  

 

The LMTD-dimensionless is described in equation (5-4) as the ratio of LMTD to the 

maximum temperature difference, water and air inlet temperatures.  

 

                   
    

         
 (5-4) 

 

Figure 5.8 illustrates the relation between Rew, LMTD-dimensionless, and   -

dimensionless. It demonstrates that by increasing Rew, LMTD-dimensionless will be 

reduced, and on the contrary the  Tdimensionless will be increased as expected. The plot 

includes all the air temperatures and velocities. The slope of both curves flattens as Rew 

increases.   
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Figure 5.8 The effect of Rew on   Tnon-dimensional  

5.2.7 Effect of Rew on Nuw  
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Figure 5.9 The effect of Rew on Nuw  
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compare reasonably well with their findings. The differences between the results are due 

to the difference in liquid properties of DI- water and ethylene glycol-water, number of 

slabs which was 2, whereas for this study it is 15 slabs in three circuits, and also the range 

of Reynolds number of water which was 400-1900 compared to the current study of 257 

to 411. 

 The Nusselt number should be 3.66 for the laminar developed flow in circular shape 

geometry under constant surface temperature boundary condition. In this investigation, 

Nuw was calculated to be between 4.41 and 4.76 at constant property condition. This 

discrepancy is attributed to the developing flow regime in channels and the deviation 

from the ideal case of constant surface temperature.  

 

 

Figure 5.10 The effect of Rew and Prw on Nuw  
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Figure 5.11 A comparison of the current correlation (Rea, Nua,, Pra)  

5.2.9 Effect of Rea on Nua, and Pra 
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 Nua= 0.529 Rea
0.275

 Pra 
0.33

, for 283>Rea>1384, 0.71>Pra>0.72
 

(5-9) 

Figure 5.12 shows that the heat transfer performance of the current study for the air 

heating followed the trend of air cooling established by Dasgupta (2011) with a slightly 

higher value for the heating mode.  

 

Figure 5.12 A comparison of the current correlation (Rea, Nua,, Pra) 
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transfer in mini-channel heat exchangers, Rew has a dominating role in heat transfer 

occurrences. 

 

Figure 5.13 The effect of Rea on ha 
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Figure 5.14 The effect of the Rea on the Nua 
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process intensifies the heat transfer rate. De is plotted against Nuw and Prw in Figure 5.15. 

The correlation for De established on Nuw and Prw is shown as, 

 Nuw= 1.258 De
0.17

 Prw
0.33 

(5-10) 

It predicts the serpentine effect on the enhancement of the heat transfer.  

 

Figure 5.15 The effect of water-side Dean number on Nuw/Prw
1/3
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practical correlation at a constant temperature boundary condition has been established 

as, 

 Brw = 9E-14Gw
1.82 

(5.11) 

 

 

Figure 5.16 The effect of water-side mass flux on Brinkman number 
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transfer characteristics and viscous dissipation. In the recent study, Eckert number was 

found within 1.6E-9 < Ecw < 3.9E-9. 

However, it is really small in scale but cannot be ignored owing to its influence on the 

viscous dissipation. Due to Ec being the ratio of kinetic energy of the fluid to the 

differential enthalpy at the boundary layer, it means that the kinetic energy is small 

compared to the enthalpy difference. While the kinetic energy increases with the increase 

of velocity or inertia, Ec increases which indicates that the viscous dissipation exists at a 

higher velocity and cannot be ignored. On the other hand, from Ec number equation, 

when Twall increases, it results in an increase in Tb. The increase in Twall leads to a 

decrease the viscosity, which in turns enhances the movement of the fluid molecules and 

results in a higher velocity, as well as an increase in Ec. The correlation established for 

the relation is found as, 

 Nuw=26.24 Ecw 
0.088

 (5-12) 
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Figure 5.17 The effect of mass flux on Eckert number for the water side  
 

 

Figure 5.18 The effect of waterside Eckert number on Nuw 
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Figure 5.19 The effect of water-side Eckert number on Nuw 
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between 22.5 C and 34.5 C, effectiveness change is found to be from 0.82% to 0.97%. 

Consequently the effect of Rea and Ta,i on effectiveness is diminutive.  

 

Figure 5.20 The effect of air-side Reynolds number on effectiveness 
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These results agree with the study of Khan et al. (2010) using a similar heat exchanger 

but with two slabs where a similar correlation was obtained. 

 

 

Figure 5.21 The effect of air-side Reynolds number on effectiveness 
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Figure 5.22 The effect of Rew on NTU 
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shown as, 

 

                                                         NTU= 17.56 Rew
- 0.33 

                                       (5-14) 
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Figure 5.23 The effect of Rew on NTU ( Ta,i=22.5ºC) 

 

Figure 5.24 The effect of Rew on NTU for different Ta,i 
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5.6.3 The Heat Capacity Rate Ratio (C*) Effect 

The effect of the capacity rate ratio (C*) on ε and NTU is plotted in Figure 5.25, where 

generally ε increases with the increase in NTU. The increase in NTU values starts around 

1.5 that corresponds to an effectiveness value close to 0.8. The correlations for both 

curves are as follows,   

 ε = 0.66 C*
-0.12

 (5-15) 

 NTU = 1.18 C*
-0.32

 (5-16) 

NTU > 3 is not economically justifiable. The NTU values for this type of heat exchanger 

lie within the economical range which is 2 < NTU < 3.1. The plot also shows that both ε 

and NTU decrease when increasing C*, knowing that the range of C* varies between        

0 < C* < 1. Effectiveness reaches its maximum value of 1 at C*=0 and a minimum value 

when C*=1. In this investigation, C* was found within 0.05 < C* < 0.23 which is lower 

than 1.  

The  -NTU relation is illustrated in Figure 5.26 where a power law curve fit initiates to 

be best curve fit.  

               (5-17) 
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Figure 5.25 The effect of C* on ε and NTU 

 

 

 

Figure 5.26 The effect of NTU on effectiveness 
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5.6.4 Overall Heat Transfer Coefficient (UA) 

The overall heat transfer coefficient (UA) shows how well the heat scatters in heat 

exchangers and represents the reciprocal of the total thermal resistance (Rtotal). It can be 

directly calculated from equation (3.40). The relationship between water Reynolds 

number and the overall heat transfer units (UA) is illustrated in Figure 5.27, UA increases 

with the increase in Rew for a specific air inlet temperature as well as with the increase of 

Ta,i for a particular value of Rea.  

In the current study, UA values varied from 240  UA  350. The correlation of UA- Rew 

is obtained as, 

 UA= - 0.001 Rew
2
 + 1.609 Rew 

- 81.72
 (5-18) 

 

Figure 5.27 The effect of     on heat transfer coefficient (UA) 
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5.7 Axial Conduction Number (M) 

A new non-dimensional number quantifying the axial conduction part in the walls is the 

axial conduction number (M). Heat transfer by conduction in the walls of mini–micro-

channels is quite multidimensional, which can become strongly non-uniform for low 

Reynolds numbers. Most of the heat flux is transferred to the fluid flow at the entrance of 

the mini–micro-channels, Maranzana (2004). As a conclusion, the axial conduction in the 

walls of a mini–micro heat exchanger yields a loss of efficiency. An optimal wall 

conductivity that maximizes this efficiency exists, Maranzana (2004). Axial conduction 

number can be calculated from equation (3.19). Figure 5.28 illustrates Rew vs. the axial 

conduction number. It indicates that at lower Rew, the axial conduction number is higher 

which results in higher axial heat conduction. It also shows that by increasing Ta,i for a 

constant Rew, as M increases, the axial heat conduction increases as well. Axial heat 

conduction is significant when M get higher than M > 0.01. For the current study, the 

axial conduction number varied between 0.002 < M < 0.0033, which shows that the axial 

heat conduction doesn’t have an influence on the heat transfer in the MICHX. Moreover, 

the trend shows that even for lower velocity, consequently lower Rew in MICHX, the 

axial heat conduction could not be taken into consideration because the M <<0.01.  
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Figure 5.28 The effect of Rew on M 

 

Figure 5.29 The effect of axial conduction number (M) on     
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5.8 Distribution of ΔTs along the Channel Length 

The distribution of temperature drop along the channel length for the water flow is 

illustrated in Fig. 5.30. The liquid temperature drops significantly in the first three slabs 

which indicate that most of the heat transfer occurs there. The heat transfer rate in the last 

two slabs is found to be less significant. According to this finding, eliminating the last 

two slabs from the MICHX will lead to: 

 Reduce the size of the heat exchanger and save space.  

 Decrease the pressure drop across the heat exchanger which decreases the 

required power. 

 Reduced material and fabrication cost. 

 

 

Figure 5.30 Temperature drop vs. channel length 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS  

6.1 Summary and Conclusion 

A thermal performance study is carried out to characterize the heat transfer in cross-flow 

MICHX with DI-water and air as the working fluids. This study investigates the effects 

of dimensionless parameters such as: Reynolds number (Re), and Nusselt number (Nu) 

for both fluids upon heat flow behaviour. The key parameters, such as heat transfer rates, 

NTU, Effectiveness, overall thermal resistance, axial heat conduction, and viscous 

dissipation are investigated. Empirical relationships are created between the heat transfer 

and key fluid-flow dimensionless parameters. Sixty distinct operating conditions are 

maintained in order to obtain these key Parameters. DI-water inlet temperature has been 

maintained constant at 75 C all through the study, while air temperatures were varied at 

22.5, 25.5, 28.5, 31.5, and 34.5 C. Three different DI water mass flow rates 0.022 Kg/s, 

0.029 Kg/s, and 0.035 Kg/s were examined. For each mass flow rate, four air velocities: 

6, 10, 14, and 18 m/s were applied. The following observations have been found from the 

current study: 

1. The heat Balance (HB %) indicates the difference in rate of the heat released by DI-

water and the heat gained by air to be less than 7%, which means that the MICHX has 

a negligible heat loss to the surrounding. 

2. The results for Nua correlation found from the current study for air heating are 

compared to Dasgupta’s results for air cooling. It is found that the heat transfer 

performance for air cooling and heating followed the same trend and slightly more 

enhanced for heating mode. 
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 The correlations found in this study are: 

    = 0.315 Rea
0.373 

Pra
0.33

,         for 1750 < Rea < 5250,                

or 

   Nua=0.281 Rea 
0.373

,          for 1750 < Rea < 5250    

The Pr for air is 0.71 which is incorporated into the constant 0.281. 

3. The current study results for Nuw correlation and air heating using DI-water are 

compared to Khan’s results for 50% glycol-water mixture. Although the current 

predicted somewhat higher Nuw, however, it agrees reasonably well with the result 

found by Khan et al. (2004). 

The correlations found in this investigation are: 

                                                 

4. The Reynolds number found to be the key factor affecting the heat transfer mechanism. 

The heat transfer rate increases with the increase of Rea and Rew in a power law 

relationship. The increase in Q when increasing Rew is found larger compared to the 

increase in Q with the increase of Rea. 

5. Liquid heat transfer important factors such as; Nusselt number, heat transfer rate, 

convective heat transfer coefficient, normalized heat transfer rate, and LMTD are 

highly dependent on DI-water Reynolds number. The parameters increase with the 

increase in water Reynolds number in accordance to a power-law correlation.  

 6. The Dean number (De) in the channel curvature is higher than 11.6 which indicate an 

existence of a secondary flow in the bend. Thus, the serpentine plays a key role in 

developing a new velocity profile and boundary layer at the inlet of the proceeding 
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slab which enhances the heat transfer. This effect is more prominent in the first three 

slabs compared to the last two slabs. 

 7. The Brinkman number is an important dimensionless number related to viscosity. The 

range of Br is found as 5.0E-9 < Br < 1.3E-8. This number is small in amount; it 

indicates that DI-water contribution to viscous dissipation is negligible.  

8. Effectiveness ( ) and NTU increase with the increase in Rea in MICHX. However, 

they decrease with the increase in Rew, and heat capacity rate ratio (C*). Both factors 

make a power-law relationship with Rew, and C* as, 

    = 4.2 Rew
0.26 

 

 NTU= 16.79 Rew
0.326

  

    =1.27 C*
-0.3

  

 NTU =0.64 C*
-0.158 

 

  

9. The NTU values varied from 2.25 < NTU < 2.75 and effectiveness varied from     

82%<  <97%. Therefore, MICHX was operating nearly at its maximum thermal size. 

10.Scale down multiport MICHX has superior capability to transfer heat between DI-

water and air due to the slab serpentine geometry. The flat heat transfer surface on 

both sides of each slab provide a better contact with the air stream as it eliminates the 

wake region formation at the back of the tubes in inline conventional heat exchangers. 

Adding to that, the flat surface makes the temperature distribution uniform on the air 

side resulting in a superior heat transfer rate for air heating and cooling.  
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6.2 Recommendations 

The findings of the recent investigation in the field of heat transfer and fluid flow can 

contribute to future research in multiport cross flow MICHXs. Many challenges have 

been faced to collect the imperative information from the recent study; however 

substantial observation is still remained to be considered. The observation can be 

enhanced by using a wider range of operating conditions and conducting more 

experiments. Extended recommendations can also include:  

1. Investigation of changing different heat exchanger core geometries and sizes, various 

fins size and shapes to check their effect on heat transfer and fluid flow characteristics. 

2. Optimization of the channel diameter and its effect on the fluid flow and heat transfer 

characteristics.      

3. Axial heat conduction in the wall and the liquid, particularly at low Nu and Re 

numbers, can be further examined.  

4. The use of a thermal imaging device to study the heat and temperature distribution 

along the channels, in the serpentines, and on the air-side for the MICHX. Since the 

use of this device will provide the temperature distribution along the channel which is 

assumed constant for the current study. This will result in a better insight of the heat 

transfer and fluid flow.  

6. Increase the capability of the system to include different operating conditions such as: 

fluid temperatures, flow rates, and more variation of air velocities to cover a wide 

range of applications. 
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APPENDICES 

APPENDIX A 

Uncertainty Analysis 

Several fluid flow and heat transfer parameters have been discussed in the previous 

chapters. This appendix presents an evaluation method of the uncertainty associated with 

these parameters. Uncertainties can be generated for several independent and dependent 

parameters which influence the final correlations and analysis. Any error consists of two 

components, bias and precision and the final evaluation of the bias and the precision 

errors is taken through the Root Sum Square method, RSS. It is worthy to mention that 

there are two types of parameters; independent and dependent. The independent 

parameters are those that are directly recorded by the data acquisition system, DAQ, or 

measured during the experiments. Some examples of the independent parameters are the 

dimensions of the heat exchanger or the channels and the measurements recorded by the 

data acquisition system DAQ such as: temperatures, pressures, time, mass flow rates, etc. 

However, the dependent parameters are those which depend on the independent 

parameters and can be obtained through calculation such as: Reynolds number, Nusselt 

number, Prandtl number, heat transfer rate, etc.  

Bias 

The Bias error can be estimated as follows, 

    √    
      

        
          i=1, 2, 3  

Where, i refer to the error source groups i.e. calibration error, i=1, data acquisition error, 

i=2, and data reduction error, i=3, Figliola and Beasley (1995). The bias and precision 

errors can be calculated using the Root Sum Square (RSS) method. 
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   √  
    

    
   

Precision 

The precision error can be evaluated using the following formula, 

     √    
      

        
          i=1, 2, 3  

The reduction of this formula will results in the following,   

   √  
    

    
   

Repeatability 

The repeatability error for an apparatus can be calculated as, 

     √  
    

      
   

The combination error of those three can be found in the proceeding formula, 

    √         

A.1  Uncertainty of the Parameters  

A.1.1  Uncertainty of the Independent Parameters 

The uncertainty analysis in the independent parameters include the bias and precision 

errors defined as, 

    √                      (95%)  

Where,        is the precision error at 95% confidence and ν is the degree of freedom. ν 

can be calculated using the welch-satterthwaite equation, 

  
(∑ ∑    

  
   

 
   )

 

∑ ∑  (
   
 

   
) 

   
 
   

  

Where, i is a source error group and j is an elemental error within each source group, 

ν ij=Nij-1. 
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A.1.2  Uncertainty of the Dependent Parameters 

The following formula demonstrates the correlation between the dependents and the 

independents parameters. 

                    

Y refers to the dependent parameter and    refers to the independent parameters. The 

errors are computed using the RSS method. Therefore, the absolute uncertainty of Y can 

be estimated as follows, 

    √(
  

   
   

)
 

 (
  

   
   

)
 

 (
  

   
   

)
 

   (
  

   
   

)
 

   

The relative uncertainty of Y can be found as, 

   

 
 

√(
  

   
   )

 
 (

  

   
   )

 
 (
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   (
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The absolute uncertainty of a parameter can be shown as, 

       √(
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 (
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   (
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A.2  Uncertainty of  the Airside Hydraulic Diameter 

The hydraulic diameter is a function of other parameters and is defined as, 

      (           )  
        

  
  

      
               

         
            

Absolute Uncertainty of Airside Hydraulic Diameter 
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 The relative uncertainty of the hydraulic diameter is presented as,        
  

     

    
       

  
            

       
               

A.3  Uncertainty of Key Dimensional Parameters 

The uncertainty for the key dimensional parameters are presented in Table A.1 

 

Table A.1 Uncertainty of key parameters 

Description Mean Value Uncertainty (%) 

Air-side heat transfer length,    0.1 m       

Air-side total frontal area,       0.09290          

Air-side minimum free flow area,        0.07092     0.33 

Air-side heat transfer area,    8.12821     0.0026 

Water-side heat transfer area,    0.001     3.49 

MICHX hydraulic diameter,      0.987 m  3.48 

Single slab length, Lslab 0.304 m  0.15 
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A.4  Uncertainty for one Operating Condition 

(Va = 10 m/s, Ta,i = 28.5 °C, Tw,i= 70 °C,    ̇ = 0.029kg/s) 

Table A.2 Different parameters at Tb for one operating condition 

Parameter Mean Value 

Air inlet temperature,      28.5   

Air outlet temperature,      34.15   

Air mass flow rate,  ̇   1.096 
  

 
 

Air velocity, Va 10 
 

 
 

Air-side pressure drop, ∆P 60.00 Pa 

Air Density,     1.1597 
  

    

Air specific heat,       1006.51 
 

    
 

Air-side Reynolds number,     2880 

Air-side Nusselt number,     5.860 

Air-side Prandtl number,     0.713 

Air-side Heat transfer rate,  ̇  6232 W 

Water-side Heat transfer rate,  ̇  4364 W 

Air-side overall Heat transfer rate,  ̇          5298 W 

De-water inlet temperature,       70.52   

De-water outlet temperature,       34.52   

DI-water mass flow rate,   ̇  0.029 
  

 
  

DI-water Reynolds number,     356 

 

 

 



Thermal Performance Study of a Prototype Multiport Heat Exchanger 

Shahram Fotowat . M.A.Sc. Thesis 2012. Dept of Mechanical, Automotive, and Materials Engineering, University of Windsor, Canada  84 

A.4.1 Uncertainty for Air Inlet Temperature 

The mean temperature   ̅   and the standard deviation     for 108,000 data, obtained 

from the nine thermocouples that are distributed uniformly at the cross section of the air 

inlet, are found as,  

 ̅   
 

 
∑    

        
     

  √
 

   
∑       ̅           

      

The mean temperature of the air inlet can be calculated from the average of the 9 

thermocouples as, 

〈 ̅〉  
 

 
∑  ̅ 

 
     

Where, m=9.  The air inlet mean temperature is taken as, 

〈 ̅   〉         

The calibration and data reduction errors are ignored as the sources of errors. Followed is 

the information for the data acquisition system errors. 

 : The standard deviation of each thermocouple at the inlet and outlet  

 ̅  : Mean of the samples for a specific thermocouple  

ν: Degree of freedom   

〈 ̅〉  The mean of each thermocouple reading at the inlet and outlet 

Data Acquisition System Errors: 

Based on the instrumental error defined by Figiola and Beasley (1995), the value of J is 

determined as follows, 

For the instrumental error, J=2 

For the signal conditioning stage, J=3 
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For the spatial variation error, J=8 

For the temporal variation errors, J=9 

The instrument errors and accuracy are found from the manufacturer’s catalogues. 

1- Considering the thermocouples (instrumental error) with i = 2 and J = 2 

Resolution =       

Accuracy =   0.01   

So the bias uncertainty is shown as, 

    √(
 

 
      )

 

                     

      

2- Signal conditioning stage (instrumental error) with i = 2 and j = 3 

Accuracy =  0.06   

Resolution =   0.038   

Offset error =    0.025   

System noise error =  0.0125   

The bias uncertainty is shown as, 

    √(
 

 
       )

 

                                          

      

3- Considering the spatial variation error with i = 2 and j = 8 

These errors are caused by the non-uniformity of the air inlet temperature. The standard 

deviation and precision index of the air inlet mean temperature is as follows, 

  √
∑   ̅  〈 〉   
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√ 
 

    
      

√ 
         

ν28 (The degree of freedom) = 9-1= 8 

Assuming B28=0 

4- Considering the temporal variation error with i = 2 and j = 9 

The temporal variation error originated from taking measurement at various time. 

   √
∑ ∑       ̅         

   
 
   

       
 

 √
 

 
∑      

 

   
 

 √
 

 
                     

    
 

√        
  

        

√      
           

 V29 (The degree of freedom) = M (N-1) =9 × 107999= 971991 

      

5- Bias error 

        

     √   
     

     
     

   √                               

Precision index, 
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     √   
     

     
     

  

  √                               

         

The degree of freedom from Welch-Satterthwaite method is, 

  
 ∑ ∑    

  
   

 
     

∑ ∑ (
   

 

   
) 

   
 
   

 
    

     
   

   
 

   
 

   
 

   

 

i, is the error source group and j, is the elemental error. 

   
(                    )

 

        

 
 

          

      

   

     
 √   (      )

 
 

The absolute uncertainty for air inlet temperature is presented as, 

     
 √                            

 With       =2.306 

Relative uncertainty =
     

    
  × 100 =

      

    
 × 100 =                 

A.4.2 Uncertainty of the Air Outlet Temperature 

The mean temperature ( ̅   and the standard deviation      for 108,000 readings for any 

of the twenty thermocouples distributed uniformly at the cross section of the air outlet in 

the specified run are found as follows, 

〈 ̅〉  
 

 
∑  ̅ 

 

   
 

Where, m=25. Air outlet mean temperature is 〈 ̅   〉         

Data Acquisition System Errors 
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1- Thermocouples (instrument error) with i = 2 and j = 2 

                 

                    

So, the bias uncertainty is shown as, 

                 

       

2- Signal conditioning (instrumental error) with i = 2 and j = 3 

The bias limit is, 

                     

      

3- The spatial variation error with i = 2 and j = 8 

  √
∑   ̅  〈 〉     

   

   
        

          

    
 

√ 
 

    
        

√  
         

ν28 (The degree of freedom) = 25-1=24 

Assuming, B28=0 

The temporal variation error with i = 2 and j = 25 

The temporal variation error originated from taking measurements at various times. 

  √
∑ ∑       ̅         

   
  
   

       
 √

 

 
∑      
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√         
  

     

√       
            

  ν29 (The degree of freedom) = M (N-1) =25 × 107999 = 2699975 

    = 0 

5- Bias error 

         

     √   
     

     
     

   √                               

Precision index 

        

     √   
     

     
     

  

  √                               

         

The degree of freedom from Welch-Satterthwaite method is shown as, 

  
 ∑ ∑    

  
   

 
     

∑ ∑ (
   

 

   
) 

   
 
   

 
    

     
   

   
 

   
 

   
 

   

 

Where, i is the source error group and j is the elemental error.  

  
                        

        

 
 

           

      

    

     
 √   (      )

 
 

Absolute uncertainty for air inlet temperature is obtained as, 

     
 √                                   

 With       =2.064 
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Relative uncertainty = 
     

    
  × 100 = 

    

    
 × 100 =                    

A.4.3 Uncertainty of the Air-Side Pressure Drop 

   =  71.20 Pa 

Data Acquisition System Errors 

The pressure transducer (instrumental error) with i = 2 and j = 2 

Bias limit 

Omega pressure transducer - PX277 

Accuracy=  0.1% of full scale 

  = 
   

   
 × 5× 249.1Pa = 1.25 Pa 

Thermal effect =  0.2% 
  

 
 

   = 3.71 Pa 

Bias limit: 

       √  
    

  

  √                         

Precision index, P22=0 

Signal conditioning (instrumental error) with i = 2 and j = 3 

Accuracy =   0.0003 Pa 

Resolution =  0.0002 Pa 

Offset error =   0.0001 Pa 

System noise error =    0.0011 Pa 

Uncertainty due to bias errors are obtained as,  
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    √(
 

 
        )

 

                                               

      

 Signal conditioning (instrumental error) with i = 2 and j = 9 

Bias limit, B29=0 

Number of data points = 108000 

Degree of freedom, ν= N-1 = 108000-1=107999 

Mean differential pressure,    ̅̅̅̅  = 389.357Pa 

Standard deviation,                 

    
 

√ 
 

Precision index,     
   

√ 
 

 
          

√      
              

Bias limit     √   
     

  

  √                          

Precision index, P=    =   Pa 

Absolute uncertainty is  

    √   (      )
 
 

                      

      √                        =3.91 

Relative uncertainty is= 
    

   
  × 100 = 

    

    
 × 100 =                     
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A.4.4 Uncertainty of Air Velocity 

For calculating uncertainty, air velocity value is taken as 10 m/s. Therefore, the precision 

error is not involved however, the bias error is considered. From the FKT manual, the 

resolution is equal to 0.01 m/s and the accuracy is  0.05 m/s 

The absolute uncertainty can be calculated as, 

    √                           

The relative uncertainty is found as, 

 
   

  
       

    

  
            

A.4.5 Uncertainties of the Thermo Physical Properties of Air 

From the average of the air inlet and outlet temperatures, the thermo physical properties 

can be found as, 

   
         

 
 

          

 
          

          
  

  
 

             
  

   
 

             
 

    
 

           
 

   
 

a- Uncertainty estimation for density (  ) 

      
         

         
  

             

          
          

  

  
 

b- The uncertainty estimation for dynamic viscosity (  ) can be found as follows, 
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=  0.0047 × 10
-5   

   
 

c-The uncertainty estimation for the specific heat (    ) is found as, 

     
  

     
      

         
 

     
  

                

          
 

     
         

 

   
 

d- The uncertainty estimation for thermal conductivity (  ) 

      
         

         
 

     
  

                

          
 

     
           

 

   
 

A.4.6 Uncertainty of the Air Mass Flow Rate 

The uncertainty for the air mass flow rate can be found as, 

 ̇   (        )              

 ̇                          

= 1.095   
  

 
  

The absolute uncertainty for the air-side mass flow rate is obtained as, 
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  ̇ 
  √(

  ̇

    
    

)
 

 (
  ̇

   

   
)

 

 (
  ̇

  
  )

 

 

  ̇ 
  √(          

)
 
 (          

)
 
 (           )

 
 

  ̇ 
  √

                            

                                                      
 

  ̇ 
       

  

 
 

The relative uncertainty is found as, 

   ̇ 

  ̇ 
       

      

     
                

A.4.7 Uncertainty of the Airside Reynolds Number 

Reynolds number:     
        

  
 = 2880 

Absolute uncertainty: 

    
  √(

    

   

   
)

 

 (
    

   

   
)

 

 (
    

     

     
)

 

 (
    

   

   
)

 

 

    

   

 
      

  
 

                

         
      

    

   

 
      

  
 

                 

         
       

    

   

 
    

  
 

               

         
           

    

   

  
        

  
 

  
                        

            
           

   
=         

  

   

   
=      
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=              

   
=               

  

   
 

    
        

The relative uncertainty for the airside Reynolds number is, 

     

    
       

     

    
               

A.4.8 Uncertainty of the Airside Heat Transfer Rate 

Airside heat transfer rate equation is as follows, 

 ̇   ̇     (         )=6232.1 watt 

   
  √(

  ̇ 

  ̇ 

  ̇ 
)

 

 (
  ̇ 

     

     
)

 

 (
  ̇ 

    

    
)

 

 

  ̇ 

  ̇ 

                               

  ̇ 

     
 =  ̇     = 1.096×5.65 = 6.19 

  ̇ 

    

=  ̇   
 
=1.096× 1006.639 = 1103.27 

  ̇ 
=0.0076 

  

 
 

     
=  0.0423 

 

   
  

    
= 0.44  

  ̇ 
  √                                                  

=  487.36 W 

The relative uncertainty for the airside heat transfer rate is, 
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   ̇ 

  ̇ 

      
      

      
               

A.4.9 Uncertainty of Airside Prandtl Number 

Airside Prandtl number equation is     
     

  
  

   = 0.713 

    
  √(

    

   
   

)

 

 (
    

     

     
)

 

 (
    

   

   
)

 

 

    

   
=

    

  
= 38082.1 

    

     
 = 

  

  
 = 70.75 ×10

-5
 

    

   

 = - 
     

  
 = - 26.94 

   
=  0.0047 × 10

-5    

   
 

     
=  0.0423 

 

    
  

   
=  7.4 × 10

-5  

   
 

    
 = √

                                           

                    =       

The relative uncertainty for the airside Prandtl number is found as, 

    

   
 × 100 =

     

     
  × 100 =  0.28 % 

A.4.10 Uncertainty of  the Water Inlet Temperature 

The mean de-ionized water inlet temperature, Tw,i= 70°C  

Data Acquisition System Errors 

RTD Sensor (instrumental error) with i = 2 and j = 2  
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Bias limit:  

For Omega Resistance Temperature Detector –Pt100  

Accuracy = ±0.012°C  

Bias limit, B22=0.012°C  

Precision index, P22 = 0  

Signal conditioning (instrumental error) with i = 2 and j = 3  

Accuracy = ±0.06°C  

Resolution = ±0.038°C  

Offset error = ±0.025°C  

System noise error = ±0.125°C 

Uncertainty caused by bias is found as, 

Bias limit,  

    √(
 

 
       )

 

                                          

   = 0 

Signal conditioning (instrumental error) with i = 2 and j = 9  

Bias limit, B29=0  

No. of data points, N = 108000  

Degree of freedom, ν= N-1= 107999 

Standard deviation,       = 0.028°C 

Precision Index, P = P29 = 
     

√ 
 = 

     

√      
  =   0.00008 °C 

Degrees of freedom, ν= N-1= 107999 

Bias limit, B=√   
     

 =√                 =   0.142       95% 
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The absolute uncertainty is found as, 

      
 √   (      )

 
 

                              

     
  √                            0.142 °C 

The relative uncertainty is found as, 

      

    
 ×100 = 

     

  
  × 100 =  0.2% 

A.4.11 Uncertainty of the Water Outlet Temperature 

The mean de-ionised water outlet temperature is Tw,o= 34.52 °C  

Data Acquisition System Errors  

Sensor RTD stage (instrument error) with i = 2 and j = 2  

Bias limit:  

For Omega resistance temperature detector –Pt100  

Accuracy = ±0.012°C  

Bias limit, B22= 0.012°C  

Precision index, P22 = 0  

Signal conditioning (instrumental error) with i = 2 and j = 3  

Accuracy = ±0.06°C  

Resolution = ±0.038°C  

Offset error = ±0.025°C 

System noise error = ±0.125 °C  

Uncertainty caused by bias, 
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    √(
 

 
       )

 

                                          

   = 0 

Signal conditioning (instrumental error) with i = 2 and j = 9  

Bias limit, B29=0  

No. of data points, N = 108000  

Degree of freedom, ν=107999 

Bias limit,   √                 =   0.143       95% 

Precision index, P = P29 = 0.0002   

The absolute uncertainty is found as, 

      
 √   (      )

 
 

                         

     
  √                           0.143 °C 

The relative uncertainty is found as, 

     

    
 ×100 =  

     

     
 = × 100 =  0.41% 

A.4.12 Uncertainties of the DI-Water Properties  

The thermo physical properties of DI-Water can be found using the bulk temperature of 

the fluid inlet and outlet as, 

   
         

 
 

           

 
        

   = 997.05 
  

  
 

   = 0.00051
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     = 4165.86 
 

    
 

   = 0.64666 
 

   
 

a-The uncertainty estimation for density (  ): 

    
  

         

         
 

   
  

             

           
=       

  

   

b-The uncertainty estimation for the dynamic viscosity (  ): 

   
  

         

         
 

   
  

                 

           
=          

  

   
 

c-The uncertainty estimation for the specific heat (    ): 

     
  

     
      

         
 

     
  

              

           
=       

 

    
 

d-The uncertainty estimation for the thermal conductivity (  ): 

   
  

         

         
 

   
  

             

           
 =       

 

   
 

A.4.13 Uncertainty of the DI-Water Mass Flow Rate 

The uncertainty of the DI-water mass flow rate,  

 ̇  
  

 
,      =3.71kg, t=127.75s 

= 0.029 kg/s 

The absolute uncertainty for the DI-water mass flow rate is as follows, 
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   ̇ 
  √(

  ̇ 

   

   
)

 

 (
  ̇ 

   

   )

 

 

  ̇ 

   

 
 

 
 

 

      
        

  ̇ 

   

 
   

  
  

    

         
          

   
  0.09021kg 

     0.051s 

  ̇ 
  √                                    0.0007 kg/s 

 The relative uncertainty can be found as, 

  ̇ 

  
 × 100 = 

      

     
 × 100 =  2.41 % 

A.4.14 Uncertainty of the Water Side Heat Transfer Rate 

De-ionized water-side heat transfer rate can be found as, 

 ̇   ̇     (         )=4364 W  

 The absolute uncertainty for the de-ionized water heat transfer rate is found as, 

   
  √(

  ̇ 

  ̇ 

  ̇ 
)

 

 (
  ̇ 

     

     
)

 

 (
  ̇ 

    

    
)

 

 

  ̇ 

  ̇ 

         = 4165.86×127.75= 532188.6 

  ̇ 

     

 =  ̇    = 0.0292 ×127.75= 3.7303 

  ̇ 

    

=  ̇    =0.0292×4165.86=121.64 

  ̇ 
= 0.0007 kg/s 

     
=  0.0469 
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=  0.2   

   
=        

 The relative uncertainty for the DI-water Reynolds number is obtained as, 

   ̇ 

  ̇ 

       
      

    
             

A.4.15 Uncertainty of the DI-Water Reynolds Number 

Reynolds number    = 
 ̇ 

         
  

Rew = 356 

The absolute uncertainty for the DI-water is as follows, 

    
  √(

    

  ̇ 

  ̇ 
)

 

 (
    

   

   
)

 

 (
    

     

     
)

 

 

    

  ̇ 

   
 

         
   

 

                   
            

    

   

 =  
 ̇ 

     
     

 = 
       

                    
 = 700204.5 

    

     

= 
 ̇ 

         
  = 

       

                  
 = 357104.3 

  ̇ 
= 0.0007 

  

 
 

   
=  0.0000087 

  

   
   

     
= 0.0000348   

    
  √

                                        

                       
 

    
        

The relative uncertainty for the DI-water side Reynolds number is obtained as, 
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 × 100 = 

     

   
  × 100 =  4.57 % 

A.4.16 Uncertainty of the Water Side Prandtl Number 

Prandtl number     
        

  
 

Prw= 3.2868 

    
  √(

    

   

   
)

 

 (
    

       

       
)

 

 (
    

   

   
)

 

 

    

   

 
      

  
 

       

       
        

    

       
 

  

  
=

       

       
         

    

   

  
        

  
 

  
                  

          
        

   
 =  0.0000087 

  

   
 

       
  =  0.0469 

 

    
 

   
  =  0.001

 

   
 

    
 = √                                                     

        

The relative uncertainty for the DI-water Reynolds number can be estimated as, 

    

   
 × 100 = 

     

      
 × 100 =  1.7 % 

A.4.17 Uncertainty of the DI-Water Peclet Number  

Peclet number can be found as, 

   =     .    =1170.05 

The absolute uncertainty for Pew is estimated as, 
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  √(

    

    
    

)

 

 (
    

    

    
)

 

 

    

    
 =     =3.286 

    

    
 =     = 356 

    
 = 10.58 

    
 = 0.056 

    
= √                                   

The relative uncertainty for the airside Reynolds number 

    

   
 × 100 =  

     

    
 × 100 =  3.42 % 

The following Gnielinski correlation is used to evaluate the de-ionised water side 
       

   
  

A.4.18 Uncertainty of  the Water-Side Nusselt Number (Nuw) 

                 
       

   
  

 

 = 4.598 

The absolute uncertainty for Nuw is estimated as, 

    
  √(

    

    

    
)

 

 (
    

    

    
)

 

 (
    

    

    
)

 

 

    

    

 
     

 
[           (

       

   
)]

 
 

 

(
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= 
     

 
[           (
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) 
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[           (

       

   

)]
 

 

 

(
        

   
 ) 

                               

Therefore,    =  0.41 W/m
2
.  

The relative uncertainty for the de-ionised water Nusselt number is estimated as, 

     

   
 × 100 = 

    

     
 × 100 =       % 

A.4.19 Uncertainty of the Water Heat Transfer Coefficient  

The de-ionized water side heat transfer coefficient (hw) is a function of water-side Nusselt 

number (Nuw), thermal conductivity (kw) and hydraulic diameter (Dh,MC) as,  

   
      

    
 = 2973.39 

The absolute uncertainty for hw is estimated as, 

   
  √(

   

    

    
)

 

 (
   

   

   
)

 

 (
   

     

     
)

 

 

   

    
 = 

  

    
 = 

      

     
 = 646.6 

   

   

 
   

    
 

     

     
      

   

     

  
      

     
  =  

            

      
           

Therefore,    
        

 

    
 

The relative uncertainty for the de-ionised water Nusselt number is estimated as, 

    

  
 × 100 = 

      

       
 × 100 =  6.74 % 

A.4.20 Uncertainty of the DI-Water Side Thermal Resistance  

The liquid side thermal resistance can be expressed as,  
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 = 0.000345 

Therefore, the absolute uncertainty for the liquid side thermal resistance is estimated as, 

    
  √(

   

   

   
)

 

 (
   

   

   
)

 

 

    

   

  
 

  
   

 = 
 

                  
            

    

   
  

 

  
   

 = 
 

                  
          

Therefore, 

    
  √                                  =           

 

 
 

The relative uncertainty for the de-ionised water Nusselt number is estimated as, 

    

   
× 100 = 

        

        
 × 100 =  4.64% 

A.4.21 Uncertainty of LMTD  

The log mean temperature difference (LMTD) is a function of ΔT1 and ΔT2 as,  

ΔT1 = Ta,o- Tw,i = 34.15-70 = -35.85 

ΔT2 = Ta,i- Tw,o = 28.5-34.52 = - 6.02 

The uncertainty for ΔT1 is calculated as, 

    
  √(

    

      

     
)

 

 (
    

     

     
)

 

 

Where, 

    

      

   

    

     

   

     
 =1.56                   

=0.142  
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  √                     =       

The uncertainty for ΔT1 is estimated as, 

    
  √(

    

      

     
)

 

 (
    

     

     
)

 

 

Where, 

    

      

   

    

     

   

     
=1.33             

=0.142   

    
  √                     =        

     
       

  
   
   

 
           

  
      

     

 = -16.72 

     
  √(

     

   

   
)

 

 (
     

   

   
)

 

 

Where, 

     

   

 
  

   
   

    
   
   

 

(  
   
   

)
 =

  
     

    
    

    

     
 

(  
    

     
)
  = 0.299 

     

   

  
  

   
   

    
   
   

 

(  
   
   

)
  

  
     

    
  

     

    
   

(  
    

     
)
  = -0.996 

Therefore, 

     
  √                            =  1.37  

The relative uncertainty for the de-ionised water Nusselt number is estimated as, 

     

    
 × 100 = 

    

     
 × 100 =  8.19 % 
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A.4.22 Uncertainty of  the Average Heat Transfer Rate  

The average heat transfer rate is used to evaluate the other heat transfer parameters such 

as Nusselt number, NTU, effectiveness, Colburn factor, etc. The average heat transfer 

rate is obtained as, 

 ̇      
 ̇   ̇ 

 
 

           

 
          

The absolute uncertainty of the average heat transfer rate is estimated as, 

  ̇       
  √(

  ̇  

   

   
)

 

 (
  ̇  

   

   
)

 

 

  ̇       

   

 
 

 
     

  ̇       

   

 
 

 
     

  ̇       
  √                                       

The relative uncertainty for the average heat transfer rate is estimated as, 

        

 ̇        
 × 100 = 

      

       
 × 100 =  5.79% 

A.4.23 Uncertainty of the Total Thermal Resistance  

The total thermal resistance can be shown for a cross flow heat exchanger as,  

       
 

  
=

        

 ̇  
        =0.00312      

Where, the value of F is the correction factor that is found to be 0.98 throughout the 

experiment.  

Therefore, the absolute uncertainty of the total thermal resistance is found as, 
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  ̇  

 = 
            

 ̇  
  

         

                   

       
         

 

 
 

The relative uncertainty for the de-ionised water Nusselt number is estimated as, 

       

      
  × 100 =  

       

       
 × 100 =  8.01 % 

A.4.24 Uncertainty of Effectiveness 

Effectiveness (ε) is shown as, 

 =
  ̇         

 ̇   
 

= 
 ̇         

( ̇  )
   

     
 

  
 ̇  

( ̇  )
 

           
=0.87 

The absolute uncertainty for effectiveness is found as, 
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 ̇  

   ̇                  
 
 

           

The relative uncertainty for effectiveness is found as, 

   

 
 ×100 = 

     

    
 × 100 =  4.71 %    

A.4.25 Uncertainty of NTU  

NTU is expressed as, 

NTU= 
  

    
= 

  

( ̇  )
 

= 2.59 

The absolute uncertainty for NTU is estimated as, 

      √(
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 (
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 (
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 ̇     
=

 

              
        

    

  ̇ 
 

  

 ̇ 
     

=
  

               
       

    

     

 
  

 ̇     
 =

  

                        

       √                                              =  0.12 

The relative uncertainty for effectiveness is estimated as, 

    

   
 ×100 = 

    

    
 × 100 =  4.63% 
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A.4.26 Uncertainty of  the Air Side Heat Transfer Coefficient 

The airside heat transfer coefficient (ha) is calculated from total thermal resistance 

equation as, 

 

  
= 

 

               
=0.023 

The absolute uncertainty for NTU is estimated as, 
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  2.15 

The relative uncertainty for the total thermal resistance is estimated as, 

   

  
 ×100 = 

    

     
 × 100 =  4.94 % 

A.4.27 Uncertainty of  the Airside Nusselt Number  

The air-side Nusselt number is expressed as, 

   =
      

  
=5.86 

Therefore, the absolute uncertainty for the airside Nusselt number is estimated as, 
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        = 222.08 

    
       

The relative uncertainty for the airside Nusselt number is found as, 

    

   
 ×100 = 

    

    
 × 100 =  7.85% 
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A.5  Overall Uncertainties for All Operating Conditions  

The uncertainties are estimated for all operating conditions as shown in Table A.3. 

Table A.3 Overall experimental uncertainty 

Key parameters Relative uncertainties of the mean value 

ΔPa ±5.49% 

Rea ±3.03% 

 ̇  ±7.82% 

ha ±4.94 % 

Nua ±7.85% 

 ̇w ±2.41 % 

Rew ±4.57% 

 ̇  ±8.5% 

 ̇          ±5.79% 

hw ±6.74 % 

Nuw ±8.91% 

RTotal ±8.01 % 

ε ±4.71 % 

NTU ±4.63% 
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