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ABSTRACT 

 

An investigation was conducted for fluid flow through microchannels to obtain a working 

correlation that can be used for any material and most commonly used Newtonian fluid.  The 

microchannels that were studied had a hydraulic diameter ranging from 100 – 500 µm, with the 

flow in the laminar region (Re < 1500) and fluids we considered were Newtonian.  This 

investigation showed that the surface roughness alters the fluid flow in microchannels.  Studying 

the results, the authors showed that when predicting fluid flow in microchannels, the surface 

roughness must be considered.  Two correlations were developed for the prediction of the 

thermal-hydraulic characteristics of fluid flow in microchannels; both correlations take into 

account the material surface roughness.   

Additionally, the study shows that in order to minimize the pressure drop in 

microchannels, a smaller surface roughness may be helpful.  However, the opposite is true for 

heat transfer characteristics.  This study provides tools to account for the influence of surface 

roughness characteristics, of various materials, on the prediction of the friction factor and the 

heat transfer coefficient in microchannels.           
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CHAPTER 1  

INTRODUCTION 

 Microchannel Flows 

Microchannels are widely used today in important devices for process engineering.  

However, traditional heat exchangers are being replaced with new technological discoveries.  For 

example, growing computer technology has decreased the size of many processors and 

traditional heat exchangers are unable to dissipate heat at a high enough rate to keep the 

computers cooled.  One way to overcome this high heat requirement is to replace traditional heat 

sinks with microchannel heat exchangers.  Microchannel heat exchangers are of a slim design, 

making them ideal to be directly embedded onto computer chips.  Also, their higher rate of 

efficiency gives them the capability to dissipate heat at a rate never achieved before. 

There are many different applications other than embedding microchannels onto 

computer chips; however this is one example which is relevant today.  Currently, microchannels 

are used heavily in the laboratory but not as heavily in the commercial industry.  For example, 

they have been used to make biodiesel and they have been used to make very fine, concentrated 

chemicals.  Both of these applications were done on a small scale and not incorporated into a 

large industrial complex [1].    

With all the benefits microchannel flows produce, there are many disadvantages as well.  

Some disadvantages are: (a) it is more likely that the channels will start fouling sooner than 

traditional channels; (b) some of the manufacturing techniques are expensive and time 

consuming; and (c) the flow pressure drop is greater than in traditional channels.  Furthermore, 

when microchannels have been studied in the laboratory the results are not usable in large-scale 

industrial applications.  There are many factors that need to be considered when manufacturing 

microchannels for industrial applications. Specific microchannels can only be up-scaled to a 
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certain point until the efficiency starts to decrease.  Currently there are very few published 

documents on the use of microchannels in the large industrial applications.  There has been little 

research concerning the life cycle of microchannels and this is another reason the commercial 

industries are currently not interested in their use [1].  

With all the issues regarding microchannels one of the main challenges is predicting the 

flow in channels of different materials.  With difficulty in predicting the flow in the 

microchannels, it is even harder to design proper microchannels for many applications that call 

for a specific material.  This study aims to show how understanding the internal surface 

roughness of microchannels can help better predict the fluid flow in these channels.  

 Literature Review 

Tuckerman and Pease [2] were pioneers in starting a dialogue on microchannel heat 

exchangers.  The first mention of microchannel heat exchangers comes from them in the early 

1980s.  They concluded that it was possible to remove up to 800 W/m2 of heat while using 

microchannel heat exchangers.  They also stated that the flow rates approximately follow the 

Poiseuille flow predictions.  

From the initial Tuckerman and Pease studies, in the early 1980s, there was not 

substantial research conducted until the 2000s.  During this time, application methods started 

becoming more defined for microchannel heat exchangers.  More and more conferences 

pertaining to microchannel heat exchangers started taking place, and more research in 

microchannels started being conducted throughout the world [3]. 

In 2004, Steinke and Kandlikar [4] studied different techniques to enhance 

microchannels.  These enhancement techniques included: (a) altering the geometry of the 

channels; (b) making different bends in the channels; (c) inserting different geometries into the 
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channel walls; and (d) having different flow passages in the channels.  The researchers saw a 

high increase in heat transfer, but they also observed a high pressure drop.  They concluded that 

the pressure drop of these techniques needed to be studied in greater depth and that all the 

techniques were just a starting point for researchers to introduce enhancement to microchannels.  

From these initial predictions, Kandlikar and Upadhye [5] conducted a direct application of 

enhanced microchannels embedded in computer chips.  They concluded that to obtain heat fluxes 

beyond 3MW/m2 one must deviate from plain microchannels and go towards enhanced 

microchannels.  However, like Steinke and Kandlikar [4] stated, with these enhancement 

techniques the drop in pressure needs to be studied in greater detail. 

Brandner et al. [1] conducted a study on the different applications of microstructure heat 

exchangers in both the laboratory and in industry.  They showed how these microstructures can 

be used for the purpose of cooling electronic devices to very precise applications in the 

pharmaceutical and the biotech industries.   

Sobhan and Garimella [6] conducted a highly detailed review of the literature on current 

correlations in microchannels.  One conclusion in this review was the dependence of the Nu on 

Re was higher in microchannel than in conventional channels.  They also concluded that the 

Navier-Stokes and energy equations could predict the heat transfer in microchannels as long as 

the conditions were identified and measured correctly.  Qu and Mudawar [7] conducted 

experimental and numerical studies of the pressure drop and heat transfer in single-phase 

microchannels.  They concluded, like Sobhan and Garimella, that the Navier-Stokes and energy 

equations are adequate to predict heat transfer and fluid flow in microchannels. Lee et al. [8] 

studied water flowing through copper microchannels ranging in hydraulic diameter from 318 – 

903 µm.  They concluded that the heat transfer increased as the channel size decreased.  They 
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also stated that with careful entrance and exit conditions, the traditional Navier-Stokes equations 

could be used to predict heat transfer in microchannels.   

Papautsky and Ameel [9] conducted a review on single-phase flow in microchannels.  

They saw that friction factor in the laminar region is approximately 20% higher than traditional 

predictions.  They also noted that there is a wide range of data that shows where the turbulence 

region occurs; they observed this transition to happen at a Reynolds number of 500.  In 1994, 

Peng and Peterson [10] studied water and methanol flowing through rectangular microchannels 

at various temperatures.  It was determined that the transition from laminar to turbulent flow 

occurs around Reynolds number of 300.   

Han and Kedzierski [11] studied the pressure drop in microchannels with a hydraulic 

diameter range of 97 to 260 µm.  They concluded that the transition Reynolds number was 

slightly smaller than conventional channels, it occurred at a Reynolds number of 2000.  All the 

tubes tested had a roughness ratio below .0005.  With such a small roughness ratio, they 

determined that surface roughness did not influence the pressure drop in these channels; in other 

words, the tubes were said to be smooth.  Mala and Li [12] investigated fused silica and stainless 

steel microtubes from 50 to 254 µm.  They observed a departure of flow as compared to 

conventional tubes and the flow started the transition to turbulent at an earlier Reynolds number 

than conventional tubes. 

Wang and Peng [13] investigated water and methanol flowing through rectangular 

microchannels.  They reported that fully developed turbulent flow occurs between Reynolds 

numbers of 1000-1500.  Also, the heat transfer in the fully developed turbulent region can be 

predicted by the Dittus-Boelter correlation, but the constant must be changed to 0.00805.  Lastly, 

they stated that the transition from laminar to turbulent is very different than conventional 
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channels and is affected by many factors: liquid temp, velocity, channel size, etc. Kandlikar et al. 

[14] studied the surface roughness effects on pressure drop in microchannels.  They created a 

modified Moody diagram by replacing the root diameter with the constricted flow diameter. 

Dey et al. [15] did an extensive review of literature and concluded that the fluid flow in 

microchannels is very dependent on the boundary conditions.  When predicting the flow and heat 

transfer, one must take into account all these conditions before they can make proper 

conclusions.  Peng et al. [16] conducted experimental investigation with methanol flowing 

through stainless steel microchannels that had many different aspect ratios.  They concluded that 

the velocity, fluid properties, and the geometry all have a significant effect on the heat transfer 

performance. 

Owhaib and Palm [17] experimentally investigated the characteristics of R134a in single-

phase form flowing through tubes that had a diameter ranging from 1.7-0.8 mm.  They concluded 

that none of the microscale correlations were in supported the results of the experiments; 

however, they did show that the traditional macroscale correlations were in agreement with the 

results. 

In 2010 Kandlikar [18] conducted a critical review of microchannel literature and where 

the current technology stands.  This was followed by another review on status and research needs 

by Kandlikar et al. [3] in 2012.  This study is geared to both single and two-phase flow in 

microchannels and suggests future research needs on each topic.  Ohadi et al. [19] wrote a book 

in 2013 on microchannel heat exchangers and the future of this technology.  Both of these 

studies provided a detailed overview on the state of microchannel heat sink technologies and its 

future needs. 
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Morini [20] authored a critical literary review of microchannels in a single phase, with a 

hydraulic diameter less than 1mm.  One of his observations was the difference in critical 

Reynolds number for multiple conditions.  The critical Reynolds number ranged anywhere form 

70 all the way to 6000.  He observed that some authors believe the critical Reynolds number 

depends on the wall roughness, while others observed that it is more dependent on the decrease 

of the hydraulic diameter.  The study also looked at the predication of Nusselt number in great 

detail.  He concluded that deviations in the research could be for a number of reasons, namely, 

compressibility effects, property variation, surface roughness and experimental uncertainties. 

Most recently in 2014, Asadi et al. [21] completed an extensive review of heat transfer 

and pressure drop in both single-phase and two-phase microchannels.  Overall, they saw that 

before 2002 most approaches were conducted by experiments, while after 2003 most authors 

started to predict the flow using numerical simulations.  They showed that many researchers did 

not consider the entrance and exit losses during their experiments, and they assumed macroscale 

flow behavior.  If one is to use traditional correlations, one will neglect the true effects due to the 

smaller size of the channels. 

Looking at the published piterature, one can see that there are many different issues 

pertaining to the flow in microchannels.  It is a general understanding that surface roughness 

does not affect laminar flow in traditional (macroscale) channels; however, it is believed that this 

may not hold true at the microscale level.   As the channel size becomes smaller and smaller, the 

surface roughness plays a more important role in predicting the flow in the channels.  The 

purpose of this study is to focus on the effects of surface roughness and how it affects the flow in 

microchannels.  Also, this study will show how incorporating the roughness into future 

correlations can help in the prediction of the flow in microchannels.  For this study, the words 
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microchannel and microtubes are interchangeable.  This study focuses on the hydraulic diameter 

of the structures, not the exact geometry or aspect ratio of the structures.   
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CHAPTER 2  

BACKGROUND 

 Determining Conditions 

Traditional heat transfer methods are not capable of dissipating the amount of heat newer 

technologies are producing.  There are multiple ways to increase this heat dissipation: 

augmenting the traditional tubes, bundling more tubes, or one of the newest technologies is 

creating new microstructure devices.  In order to increase the heat flux, one needs to increase the 

surface area to volume ratio; one was of achieving this is by decreasing the hydraulic diameter of 

the devices [19]. 

It is not a simple task to decrease the diameter of the channels/tubes; there are many 

factors that must be considered when changing the geometry of a heat exchanger.  For example, 

when the diameter is decreased, the surface area to volume ratio is increased; at the same time, 

the surface roughness to diameter ratio is increased.  When the surface roughness to diameter 

ratio is increased above 0.0005, it is believed that channels are no longer smooth [22].  When the 

channels move away from being smooth, the surface roughness affects the fluid flow.  As stated 

by Rosa et al. [23], the level of fully understanding microchannels is still very low and much 

more research needs to be conducted. 

There are many different methods to classify microchannels and this debate has been 

around for years.  Morini [20] classifies micro devices as those with dimensions between 1-1000 

µm.  Kandlikar [24] stated that microstructures are from 10-200 µm, while Mehendale et al. [25] 

stated microstructures are from 1-100 µm.  However, Palm [26] had the most basic definition of 

microstructures and states that a channel is micro when the conventional correlations no longer 
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work to predict the flow.  This study focuses on a specific range of microchannels, channels 

where the hydraulic diameter is between 100-500 µm.   

As stated before, the words microchannel and microtube are interchangeable in this 

paper; this study is focused on the hydraulic diameter of the microstructures.  The hydraulic 

diameter of a tube is the diameter of the tube, while the hydraulic diameter for a channel can be 

found by using the area and perimeter of the channel.  Equation 2.1 shows how to calculate the 

hydraulic diameter for a channel.   

 
𝐷𝐷ℎ =  

4𝐴𝐴
𝑃𝑃

 (2.1) 

 

As stated by Sobhan and Garimella [6], in order to simplify the analysis of the fluid flow 

in microchannels it is necessary to break apart the laminar and turbulent regions.  This study will 

focus only on the laminar flow in microchannels.  Morini [20] conducted an intensive literature 

review of the microchannels and showed that there were many opinions as to where 

microchannels transition from laminar to turbulent.  He showed that it could occur at a Reynolds 

number of 70, or it could occur all the way to a Reynolds number of 6000.  This study will 

consider any Reynolds number below 1500 and state that this is laminar flow.  All of the flows 

that are being considered are fully developed. 

There has been much debate as to whether single-phase or two-phase flow is better for 

microchannel heat sinks.  Due to the higher pressure drop and the need to add a condensation 

loop, single-phase is currently more attractive than two-phase [9].  Many authors in the past have 

studied specific microchannels with specific fluids flowing through the channels.  Certain 

correlations only work for a limited number of microchannel arrangements; however, the aim of 

this study is to obtain a generalized microchannel correlation.   
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 Objectives 

The goal of this study is to observe what effect the surface roughness has on the friction 

factor and the Nusselt number in microchannels.  Below are the two main objectives for this 

study: 

1) To examine if the surface roughness (ε ) plays any role in increasing/decreasing the 

friction factor 

2) To examine if the surface roughness can affect the Nusselt number 

For this study, multiple Newtonian fluids that are in a single-phase form throughout the 

microchannels are studied.  Also, this study analyzes different microchannels with many 

different geometries and hydraulic diameters.  Different fluids and different geometries were 

studied, with the goal of producing a basic correlation that could be used with multiple 

microstructure devices and multiple fluids.  There are many goals for this study, but the overall 

objective is to show how surface roughness can affect the fluid flow through microchannel heat 

sinks. 

 Data Base Collection 

In order to collect all the data points, past experiments in a narrow window of conditions 

were collected.  To be clear, there were no experiments conducted for this study.  All 

experimental data originated from other authors and the data points were compiled and analyzed 

here.   

Data was collected from multiple sources (journal articles, conference papers, thesis’s, 

etc.).  None of the articles gave the raw data that was analyzed; the sources only gave the graphs 

for the data.  In order to extract the data from the graphs a free computer program called XY 

Scan was utilized [27].  This program specializes in taking images of any graph and reading the 
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output for the data.   The program utilizes the pixels of the uploaded graph in order to extract the 

needed data.     

The user uploads the graph that is to be studied and then sets the boundaries for each axis.  

After the boundaries are set, the user can double click on any point in the chart and the scanner 

will identify the x- and y-coordinates.  Figure 1 shows a screen shot of the computer program in 

action.  One can see that the software works for both linear and logarithmic graphs.  All data was 

obtained utilizing the XY Scan software and it was organized in one consolidated Excel 

document.     

 

 

Figure 1: Screen shot of XY scan 
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CHAPTER 3  

SURFACE ROUGHNESS EFFECT ON FRICTION FACTOR 

 Friction Factor Correlation Development 

There is a general understanding that microchannels show a higher friction factor than 

traditional macroscale channels [28].  There has been much debate as to why the friction factor is 

higher in microchannels, and one theory is that surface roughness plays a more important role on 

the microscale level compared to the macroscale level [22].  To the author’s knowledge, the 

surface roughness effect on friction factor has not been studied to a great level of detail.  The 

goal of this section is to look at the friction factor from another angle, to see if one can better 

predict the output of the friction factor and if the surface roughness is known.   

The first step in measuring the friction factor is finding the pressure drop over the length 

of the channel.  This can be easily accomplished in macroscale channels by inserting a pressure 

transducer inside the channel; however, it becomes more challenging when dealing with 

microchannels.  If a traditional pressure transducer were to be placed inside a microchannel, the 

transducer has the potential to block the entire channel.  In order to overcome this, the pressure is 

normally measured at the inlet and outlet plenums of the microchannels.    

With the ability to measure the pressure at the inlet and outlet plenums, one still needs to 

be very careful on what is recorded as the true pressure.   There are numerous entrance and exit 

effects that occur in these regions; if they are not accounted for, the experimenters could obtain 

false measurements.  Some authors account for these losses while others do not.  Table 1 shows 

the master sheet of all the friction factor data that was collected and gives a brief description on 

how each author measured the pressure.  Surface roughness is noted by the symbol epsilon (ε) 
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and is measured in microns (µm).  For this section, a total of eight authors were referenced and 

539 points were studied.  

Table 1: List of friction factor studies  

# Author Material /Geometry Dh 
(µm) <Re> Fluid ε (µm) 

Comments on 
Pressure 

Measurement 
1 Xin et al. [29] Stainless/Tube 126.76 460.36-1450.13 Water 5.5 

Measured in the 
reservoirs and 
accounted for 

inlet/outlet losses 

2 Xin et al. [29] Stainless/Tube 136.5 590.79-1488.49 Water 5.5 
3 Xin et al. [29] Stainless/Tube 179.8 318.41-1488.49 Water 5.5 
4 Xin et al. [29] Glass/Tube 108.3 704.75-1453 Water 0.05 
5 Xin et al. [29] Glass/Tube 137.5 713.16-1365.28 Water 0.05 
6 Xin et al. [29] Glass/Tube 155.5 832.06-1483.48 Water 0.05 
7 Xin et al. [29] Glass/Tube 166.3 564.22-1496.74 Water 0.05 
8 Lu et al. [30] Copper/Channel 238 462.71-1372.88 Water 5 Measured at plenums 
9 Morini et al.[31] Resin/Tube 100 252.9-1451.33 Nitrogen 0.05 

Measured at plenums 
and accounted for 
inlet/outlet losses 

10 Morini et al.[31] Resin/Tube 150 199.65-1491.26 Nitrogen 0.05 
11 Morini et al.[31] Resin/Tube 175 101.9-1492.5 Nitrogen 0.05 
12 Morini et al.[31] Resin/Tube 200 199.9-1490.88 Nitrogen 0.05 
13 Morini et al.[31] Resin/Tube 300 198.59-1483.98 Nitrogen 0.05 
14 Tang et al. [32] Stainless/Tube 300 80.65-1319.72 Nitrogen 9.6 

Measured at the 
sumps and accounted 
for the outlet losses 

but neglected the inlet 
losses due to 
magnitude 

15 Tang et al. [32] Stainless/Tube 260 141.95-1457.89 Nitrogen 9.88 
16 Tang et al. [32] Stainless/Tube 172 197.79-1496.06 Nitrogen 11.18 
17 Tang et al. [32] Stainless/Tube 172 14.69-1280.43 Helium 11.18 
18 Tang et al. [32] Stainless/Tube 119 49.02-1494.09 Nitrogen 11.305 
19 Tang et al. [32] Stainless/Tube 119 14.82-674.81 Helium 11.305 
20 Chen et al. [33] Silicon/Channel 221 170.44-630.96 Methanol 0.1 

Measured at plenums 
and accounted for 
inlet/outlet losses 

21 Chen et al. [33] Silicon/Channel 150 78.48-735.64 Methanol 0.1 
22 Chen et al. [33] Silicon/Channel 134 76.60-630.96 Methanol 0.1 
23 Chen et al. [33] Silicon/Channel 109 57.73-428.13 Methanol 0.1 
24 Bucci et al. [34] Stainless/Tube 172 110.42-1460.69 Water 1.498 

Measured at plenums 
25 Bucci et al. [34] Stainless/Tube 290 348.16-1495.15 Water 2.166 
26 Mala and Li [12] Stainless/Tube 152 130.8-1477.6 Water 1.75 Measured at plenums 
27 Hrnjak and Tu [35] Not Stated/Channel 150 116.97-1436.97 R134a 0.8 Pressure was 

measured within, 
away from entrance 

and exit 

28 Hrnjak and Tu [35] Not Stated/Channel 141 116.21-1494.4 R134a 2.4 
29 Hrnjak and Tu [35] Not Stated/Channel 104 158.79-1334.05 R134a 1.5 
30 Hrnjak and Tu [35] Not Stated/Channel 305 117.19-1426.49 R134a 2.3 

 

Before any further discussion, one needs to look at current friction factor correlations to 

better understand where the current predictions stand.  The most well-known friction factor 

equation is the Poiseuille equation, shown in equation 3.1.  This has been widely used for years 

by engineers in many different fields.   
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𝑓𝑓𝑓𝑓 =  

64
𝑅𝑅𝑅𝑅

 (3.1) 

Before an analysis was conducted, the data was graphed to better understand what needed 

to be accomplished.  Figure 2 shows the 539 points that were collected and the trend line for 

equation 3.1.  As one can see, the data is scattered but it looks to follow a relatively constant 

slope. 

 

Figure 2: All friction factor data 
 

As stated before, most the data shows a higher friction factor than what equation 3.1 

predicts.  This is consistent with what authors have said in the past for the friction factor in 

microchannels.  The under-prediction of the friction factor could be for a number of reasons, but 

this study is going to focus on the surface roughness when studying this prediction.  It will be 
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determined if incorporating the surface roughness into the friction factor correlation produces a 

better prediction.   

 Uncertainty Analysis  

After all the data was collected, a nonlinear regression analysis was conducted in Excel.  

When running the nonlinear regression analysis in Excel, there are a few outputs that are 

different than standard statistical software.  Three main outputs are obtained from the nonlinear 

regression in Excel: (a) regression statistic, (b) analysis of variance (ANOVA), (c) the 

coefficients.   

One way to analyze the effectiveness of the correlation is through the adjusted R2  value.  

The adjusted R2  value shows how well the raw data fits a particular model.  When studying the 

regression statistic, the adjusted R2 value was used, not the regular R2 value.  The aim of the 

analysis was to obtain an adjusted R2 value that was above 90%.  The higher adjusted R2 value 

means increased accuracy of the model.  If a model has an adjusted R2 value of 90%, this 

physically means that the model can account for 90% of the scatter in the data.   

Once the adjusted R2 value is examined, the ANOVA Table can be analyzed.  The aim of 

this Table was to obtain a significance F that is below 5%.  When the significance F is below 

5%, the model is considered significant.  When a model is considered significant this means that 

there is a very low probability the correlation was just by chance.  Lastly, the coefficient outputs 

were examined to determine if the coefficients were significant and could be incorporated into 

the correlation.  If a coefficient had a p-value that is below 5%, the coefficient was considered 

significant and incorporated into the correlation.  However, the intercept coefficient was 

considered significant no matter the p-value.   
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It is believed that the friction factor, in microchannels, is a function of the Reynolds 

number and the surface roughness.  The surface roughness was divided by the hydraulic diameter 

of the tube/channel in order to non-dimensionalize this factor.  Equation 3.2 shows the proposed 

function for the friction factor.  The hydraulic diameter was obtained by using equation 2.1.   

 𝑓𝑓𝑓𝑓𝑡𝑡 = 𝑓𝑓(𝑅𝑅𝑅𝑅,
𝜀𝜀
𝐷𝐷ℎ

) (3.2) 

Table 2 shows each model that was analyzed and the adjusted R2 value for that specific 

model.  Examining Table 2, one can see that the first model produced a very low adjusted R2 

value; however, with some adjustment, the model increased in accuracy to obtain a final adjusted 

R2 value of 98%.  Equation 3.3 shows the final friction factor function that was analyzed.  Tables 

3 through 5 show the outputs from the non-linear regression analysis of equation 3.3.   

Table 2: Development of non-linear friction factor model 
Number Function Adjusted R2 (%) 

1 𝑓𝑓𝑓𝑓𝑡𝑡 = 𝑓𝑓(𝑅𝑅𝑅𝑅,
𝜀𝜀
𝐷𝐷ℎ

) 29.91 

2 𝑓𝑓𝑓𝑓𝑡𝑡 = 𝐿𝐿𝐿𝐿𝐿𝐿𝑓𝑓(𝑅𝑅𝑅𝑅,
𝜀𝜀
𝐷𝐷ℎ

) 53.58 

3 𝐿𝐿𝐿𝐿𝐿𝐿 𝑓𝑓𝑓𝑓𝑡𝑡 = 𝐿𝐿𝐿𝐿𝐿𝐿𝑓𝑓(𝑅𝑅𝑅𝑅,
𝜀𝜀
𝐷𝐷ℎ

) 98.15 

 

 𝐿𝐿𝐿𝐿𝐿𝐿 (𝑓𝑓𝑓𝑓𝑡𝑡) = 𝑓𝑓(𝐿𝐿𝐿𝐿𝐿𝐿(𝑅𝑅𝑅𝑅),𝐿𝐿𝐿𝐿𝐿𝐿 �
𝜀𝜀
𝐷𝐷ℎ
�) (3.3) 

 
Table 3: Analysis of regression statistics for friction factor model 

Regression Statistics 
Multiple R 0.9907 
R Square 0.9816 

Adjusted R Square 0.9815 
Standard Error 0.0583 
Observations 539 
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Table 4: ANOVA for friction factor model  

ANOVA 

 
df SS MS F Significance F 

Regression 2 96.96 48.48 14268.10 0 
Residual 536 1.82 0.00339 

  Total 538 98.78 
    

Table 5: Correlation coefficients for friction factor model  

 
Coefficients Standard Error t Stat P-value 

Intercept 2.17 0.0177 122.26 0 
Log Re -1.03 0.0065 -157.63 0 

Log ε/Dh 0.089 0.0027 33.12 0 
 

As stated above, the goal of the analysis was to obtain an adjusted R2 value above 90%.  

Examining Table 3, one can see that the model produced an adjusted R2 value of 98%, exceeding 

the original goal.  Also, as seen in Table 4, the F significance was well below 5% meaning the 

model is significant.  Lastly, Table 5 shows the coefficients for the model and the p-value for 

each coefficient.    Examining all the coefficients in Table 5 show that each coefficient is 

significant, meaning they can be used in the model.  The correlation was obtained by using the 

coefficients from Table 5 and simple algebra.  Equation 3.4 shows the initial correlation from the 

coefficients, and equation 3.5 shows the simplified version of equation 3.4.   

 𝐿𝐿𝐿𝐿𝐿𝐿 (𝑓𝑓𝑓𝑓𝑡𝑡) = 2.169 − 1.028𝐿𝐿𝐿𝐿𝐿𝐿(𝑅𝑅𝑅𝑅) + 0.0896 𝐿𝐿𝐿𝐿𝐿𝐿 �
𝜀𝜀
𝐷𝐷ℎ
� (3.4) 

 

 
𝑓𝑓𝑓𝑓𝑡𝑡 =

147.775

𝑅𝑅𝑅𝑅1.0281 𝜀𝜀
𝐷𝐷ℎ

−0.0896 (3.5) 
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 Discussion 

After the uncertainty analysis was performed on the data and a correlation was calculated, 

the new friction factor correlation needed to be compared to the traditional correlation to 

determine if it produced a more accurate prediction.  This was accomplished by conducting a 

mean percent error on both correlations.  The mean percent error shows the user the percent 

difference of the predicted values compared to the actual values.  Equation 3.6 shows how to 

calculate the mean percent error for all the data.   

 100
𝑛𝑛

�
𝑓𝑓𝑓𝑓𝑡𝑡 − 𝑓𝑓𝑓𝑓𝑎𝑎

𝑓𝑓𝑓𝑓𝑎𝑎

𝑛𝑛

𝑡𝑡=1

 (3.6) 

Once the mean percent error was calculated for the original friction factor correlation 

(equation 3.1), and the new friction factor correlation (equation 3.5), the two outputs were 

compared.  Table 6 shows the mean percent error comparison for both correlations.  

Table 6: Friction factor comparison 
Friction Factor Correlation Mean Percent Error (%) 

Original (64/Re) 21.40 
Current (Equation 3.5) 10.47 

 

As Table 6 shows, the mean percent error for equation 3.5 decreased by over 10% when 

compared to the original correlation.  To better illustrate the difference between the two 

correlations, a comparison graph was created with equations 3.1 and 3.5 plotted (see Figure 3).     

Studying Figure 3, the black line shows the original correlation while the green line shows the 

new correlation.  The green line shows a more even distribution over the set of data compared to 

the black line.  The new friction factor correlations better predicts the friction factor for the given 

Reynolds number and surface roughness. 
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Figure 3: Comparison of the current correlation to laminar flow friction factor 
 

 Next, material differences in the tubes were studied; mainly how different materials have 

different surface roughness.  This was done to observe if the material plays a role in prediction of 

the friction factor.  In order to accomplish this, the actual friction factor points (x-axis) were 

graphed compared to the current predicted friction factor (y-axis) from equation 3.5.   Figure 4 

shows this relationship with each material having a different marker.  The ideal graph would be a 

line that has a slope of one (represented by the black line); this meaning that the actual and the 

predicted friction factors are the same.  Studying Figure 4, one can see that the graph does not 

produce a slope of one; however, there is a very narrow band and not much deviation from a 

slope of one.      
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Figure 4: Experimental vs. predicted with material 

At low friction factors, the material has a very narrow band and the predicted values are 

extremely close to the actual values.  However, as the friction factor increases, the band slowly 

increases outside the slope of one.  One can see that for stainless steel, as the friction factor 

increases the band becomes greater and greater.  Overall, with this band being narrow, the 

current friction factor correlation is very accurate at predicting the friction factor in 

microchannels.   

A performance analysis graph was created using equation 3.5 to study how the friction 

factor was affected by changes in the Reynolds number and the roughness ratio.  Figure 5 shows 

this performance graph, the friction factor was analyzed at three different Reynolds numbers 
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the friction factor is directly related to the pressure drop.  If the friction factor is too high, the 

pressure drop will be high and could be difficult for the designer to overcome.   

 

Figure 5: Friction factor performance graph 
 

First, one can see that as the roughness ratio increases the friction factor also increases for 

a given Reynolds number; therefore, one would desire to have a lower roughness ratio when 

building a heat exchanger.  Also, another observation of this graph shows that the friction factor 

is the highest when the Reynolds number is low.  This shows that a Reynolds number in the 

upper region of laminar flow is desired to cut down on the friction factor and thus decrease the 

pressure drop.   

From this analysis it can be concluded that in microchannels the surface roughness plays 

an important role when predicting the friction factor.  This is not seen in traditional channels 

because the surface roughness to hydraulic diameter ratio is so small that the channels are said to 

be smooth.  When the hydraulic diameter of the channels decrease, the surface roughness to 
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considered smooth [22].   When the channels are no longer smooth, the surface roughness plays 

an important role in how fluid flow through the channels.   

Overall, the goal of this section was to study the friction factor coefficient and determine 

if there was a better way to predict that coefficient.  This section shows a more predictable 

friction factor correlation by incorporating the surface roughness into the equation.  By 

incorporating the surface roughness, the mean percent error was cut in half and went from 21.4% 

to 10.47%.  This shows that in order to better predict the friction factor in microchannels, the 

surface roughness must be incorporated.  Lastly, after studying the performance graphs, two 

conditions are needed in order to obtain a low friction factor: (1) a low roughness ratio; (2) a 

high Reynolds number.  These two factors must be considered by the designers in order to obtain 

the lowest friction factor desired.          
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CHAPTER 4  

SURFACE ROUGHNESS EFFECT ON HEAT TRANSFER 

 Heat Transfer Correlation Development 

It is widely understood among researchers that the prediction of the Nusselt number in 

microchannels is very difficult.  There are many authors who conclude that with the proper use 

of the Navier Stokes equation, the Nusselt number can be predicted [6-8].  However, this method 

of predicting the Nusselt number is very time consuming and complex.   

There are many researchers who have created correlations that are easier to use than the 

Navier Stokes equation.  These specific correlations can better predict the Nusselt number in 

microchannels than traditional macroscale correlations.  Looking at multiple correlations, authors 

use many different factors when calculating the Nusselt number.  The common factors to almost 

any Nusselt number correlation are the Reynolds number and the Prandtl number.  However, 

many other authors use the aspect ratio, surface material, surface roughness, length, Mach 

number, Graetz number, viscosity and hydraulic diameter [22], [30], [34], [36]–[39].   

Unlike Chapter 3, there is not a Nusselt number correlation, for laminar flow, that is 

widely used in microchannels.  Multiple authors utilize many factors in order to predict the 

Nusselt number, with the dominate factor being the aspect ratio.  Since this study utilizes 

different geometries, the correlations that factor in the aspect ratio are not sufficient.    

Table 7 shows the master sheet for all the Nusselt number data that was collected.  For 

this section, a total of seven authors were referenced and 662 points were studied.  There are 

some assumptions that were made for the tubes: (a) all flow is fully developed laminar flow; (b) 

if a roughness was not stated for a tube, the roughness of the same material was used from other 

authors. 
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Table 7: List of heat transfer studies  
# Author Geometry Dh 

(µm) <Re> Fluid ε (µm) L 
(mm) Material Pr 

1 Celata et al. [40] Tube 120 279-1487 Water 0.01 35.4 Glass 5.26 

2 Celata et al. [40] Tube 120 295-1072 Water 0.01 35.4 Glass 5.26 

3 Celata et al. [40] Tube 259 103-1224 Water 0.01 36.4 Glass 5.26 

4 Celata et al. [40] Tube 259 142-1494 Water 0.01 36.4 Glass 5.26 

5 Celata et al. [40] Tube 325 222-1380 Water 0.01 37.6 Glass 5.26 

6 Celata et al. [40] Tube 325 263-1467 Water 0.01 37.6 Glass 5.26 

7 Bucci et al. [34] Tube 172 662-1367 Water 1.498 26 Stainless 6.08 

8 Bucci et al. [34] Tube 290 425-1477 Water 2.166 26 Stainless 6.08 

9 Celata et al. [36] Tube 280 307-1442 Water 2 88.8 Stainless 5.23 

10 Celata et al. [36] Tube 440 355-1476 Water 2.7 92.9 Stainless 5.23 

11 Celata et al. [36] Tube 146 321-1494 Water 0.6 52.8 Stainless 5.23 

14 Wu and Cheng [22] Trapezoid 281.04 75.97-1263.88 Water 1.65 54.9 Silicon 5.11 

15 Wu and Cheng [22] Trapezoid 286.05 57.55-1374.49 Water 0.0093 54.86 Silicon 5.11 

16 Wu and Cheng [22] Trapezoid 133.04 39.14-658.42 Water 1.45 49.13 Silicon 5.11 

17 Wu and Cheng [22] Trapezoid 135.73 13.81-867.91 Water 0.0049 49.18 Silicon 5.11 

18 Wu and Cheng [22] Trapezoid 189.5 48.93-612.84 Water 0.0184 58.35 SiO2 5.11 

19 Wu and Cheng [22] Trapezoid 187.94 26.91-593.27 Water 0.0107 58.35 Silicon 5.11 

20 Wu and Cheng [22] Trapezoid 151.44 67.28-598.17 Water 0.0086 55.75 SiO2 5.11 

21 Wu and Cheng [22] Trapezoid 150.28 33.03-593.27 Water 0.0115 55.73 Silicon 5.11 

22 Wu and Cheng [22] Trapezoid 118.34 137.03-428.14 Water 0.0082 53.42 SiO2 5.11 

23 Wu and Cheng [22] Trapezoid 117.82 39.14-397.55 Water 0.0051 53.47 Silicon 5.11 

24 Lu et al. [30] Channel 238 25.21-95.27 Glycol 5 17.47 Copper 124.1 

25 Lu et al. [30] Channel 239 24.17-180.61 Glycol 5 17.47 Copper 74.79 

26 Yang et al. [41] Tube 308.4 1264.9-1476.34 Air 0.685 82.67 Steel 0.713 

27 Wu and Little [38] Channel 156 1157.2-1468.00 Nitrogen 0.01 28 Glass 0.717 

28 Wu and Little [38] Channel 153 1235.45 Nitrogen 0.01 28 Glass 0.717 

29 Wu and Little [38] Channel 164 1494.42 Nitrogen 0.01 28 Glass 0.717 

30 Celata et al. [28] Tube 130 579.68-1464.94 R114 3.44 40 Stainless 5.55 

31 Celata et al. [28] Tube 130 639.5-1413.58 R114 3.44 40 Stainless 5.21 

32 Peng and Peterson [37] Channel 150 90.76-219.15 Water 3.44 45 Stainless 4.76 

33 Peng and Peterson [37] Channel 200 85.91-136.21 Water 3.44 45 Stainless 4.76 

34 Peng and Peterson [37] Channel 343 185.89-623.84 Water 3.44 45 Stainless 4.76 

35 Peng and Peterson [37] Channel 267 535-851.34 Water 3.44 45 Stainless 4.76 

36 Peng and Peterson [37] Channel 240 626.13-727.43 Water 3.44 45 Stainless 4.76 
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As stated before, a number of authors use many different factors to predict the Nusselt 

number.  One correlation that will be examined was created in 1991 by Choi, Barron and 

Warringion [42].  These authors strictly use the Reynolds number and Prandtl number, with no 

other factors; see equation 4.1. There are many advantages to having an equation with only two 

factors; however, after studying the results there are more factors that must to be considered in 

order to better predict Nusselt number. 

 𝑁𝑁𝑁𝑁 = 0.000972𝑅𝑅𝑅𝑅1.17𝑃𝑃𝑃𝑃1 3�  (4.1) 

 

 

Figure 6: Choi correlation prediction comparison [42] 
 

Figure 6 shows the actual Nusselt number data, taken from literature, compared to the 
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wide band of data for the actual compared to the predicted.  If the actual was the same as the 

predicted, the points would have a slope of one (represented by the black line).   

When examining copper, the actual Nusselt number is extremely low compared to the 

predicted.  It is known that copper channels have a high surface roughness, refer to Table 7.  Due 

to copper having a high surface roughness, this study predicts that the surface roughness 

interrupts the boundary layer of the channels.  In microchannels, the boundary layer is extremely 

thin when compared to traditional channels.  Since the boundary layer is thin, the surface 

roughness has a greater chance of penetrating the boundary layer.  Once the surface roughness 

breaks the boundary layer, the flow is interrupted, causing different flow patterns.  These 

changes in flow patterns make the Nusselt number difficult to predict.   

When examining glass, the Choi correlation over predicts the output at a low Nusselt 

number.  Since glass has a smooth surface roughness, the boundary layer is not penetrated like in 

copper channels.  The flow in the glass channels is smooth and has fewer interruptions than 

copper channels.  These fewer interruptions cause less of a heat transfer through the channels; 

therefore the Nusselt number is over predicted.         

 Uncertainty Analysis 

Similar to Chapter 3, after all the data was collected a nonlinear regression analysis in 

Excel was conducted.  The goal of this analysis was to observe the possible factors that affect the 

Nusselt number correlation. Multiple regression models were produced.  As stated in Chapter 3, 

the goal of the analysis is to obtain the highest adjusted R2 value possible, with the ideal being 

above 90%.   

Unlike Chapter 3, the surface roughness was non-dimensionalized by dividing by a 

reference roughness term, 𝜀𝜀𝑔𝑔.  This reference roughness term refers to the surface roughness of 
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glass.  This was done in order to utilize the hydraulic diameter with the length, like other authors 

have done in the past [22].   

 Table 8 shows the outputs from the seven regression models that were conducted on the 

Nusselt number data.  There are a number of items that stand out from this Table.  First, if the 

reference roughness changes from glass to stainless steel (functions four and five), the adjusted 

R2 value does not change.  Second, one can see that the function that incorporates the roughness, 

length, thermal conductivity and the hydraulic diameter obtained the highest adjusted R2 value.  

Equation 4.2 shows this predicted function.   

Table 8: Development of non-linear Nusselt number model 
Number Function Adjusted R2 (%) 
1 Nu = f(Re, Pr) 39.90 
2 Log Nu = Log[f(Pr, Re)] 51.30 
3 Log Nu = Log[f(Re, Pr, 𝜀𝜀

𝐷𝐷ℎ
)] 69.65 

4 Log Nu = Log[f(Re, Pr, 𝜀𝜀
𝜀𝜀𝑔𝑔

)] 71.80 
5 Log Nu = Log[f(Re, Pr, 𝜀𝜀

𝜀𝜀𝑠𝑠𝑠𝑠
)] 71.80 

6 Log Nu = Log[f(Re, Pr, 𝜀𝜀
𝜀𝜀𝑔𝑔

, 𝐷𝐷ℎ
𝐿𝐿

)] 74.39 
7 Log Nu = Log[f(Re, Pr, 𝜀𝜀

𝜀𝜀𝑔𝑔
, 𝐷𝐷ℎ
𝐿𝐿

, 𝑘𝑘𝑓𝑓
𝑘𝑘𝑚𝑚

)] 82.06 
 

 
𝑁𝑁𝑁𝑁 = 𝑓𝑓(𝑅𝑅𝑅𝑅,𝑃𝑃𝑃𝑃,

𝜀𝜀
𝜀𝜀𝑔𝑔

,
𝐷𝐷ℎ
𝐿𝐿

,
𝑘𝑘𝑓𝑓
𝑘𝑘𝑚𝑚

) (4.2) 

 

Tables 9 through 11 show the outputs for the nonlinear regression analysis of equation 

4.2.  The coefficients in Table 11 must have a p-value below 5% to be considered significant and 

incorporated into the correlation.  The intercept coefficient is always considered significant, even 

is the p-value is above 5%.  Using Table 11 and conducting simple algebra a correlation was 

obtained.  Equation 4.3 shows the initial correlation from the coefficients, while equation 4.4 

shows the final version.     
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Table 9: Analysis of Regression Statistics for heat transfer model 
Regression Statistics 

Multiple R 0.9066 
R Square 0.8219 
Adjusted R Square 0.8206 
Standard Error 0.0998 
Observations 662 

 

Table 10: ANOVA for heat transfer model 
ANOVA 

  df SS MS F Significance F 
Regression 5 30.18 6.04 605.50 0 
Residual 656 6.54 0.010   
Total 661 36.72    
 

Table 11: Correlation coefficients for heat transfer model 
  Coefficients Standard Error t Stat P-value 

Intercept 0.045 0.073 0.61 0.54 
Log Pr 0.12 0.019 6.05 0 
Log Re 0.31 0.012 25.78 0 
Log ε/Glass 0.046 0.0048 9.60 0 
Log Dh/L 0.23 0.021 11.17 0 
log kf/km -0.11 0.0067 -16.78 0 

 

 

 

 

 

𝐿𝐿𝐿𝐿𝐿𝐿 (𝑁𝑁𝑁𝑁) = 0.0448 + 0.120 log(Pr) + 0.311 log(Re) + 0.046 log �
𝜀𝜀
𝜀𝜀𝑔𝑔
�

+ 0.233 log �
𝐷𝐷ℎ
𝐿𝐿
� − 0.113log (

𝑘𝑘𝑓𝑓
𝑘𝑘𝑚𝑚

) 

(4.3) 

 

 
𝑁𝑁𝑁𝑁 =

1.109

𝑃𝑃𝑃𝑃−0.12𝑅𝑅𝑅𝑅−0.311 𝜀𝜀
𝜀𝜀𝑔𝑔

−0.046 𝐷𝐷ℎ
𝐿𝐿
−0.233 𝑘𝑘𝑓𝑓

𝑘𝑘𝑚𝑚

0.113 
(4.4) 
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 Discussion 

Similar to Chapter 3, after the uncertainty analysis was conducted and a new correlation 

was created, the mean percent error was calculated for the entire data set.  Equation 3.6 was used 

to perform this error on the new Nusselt number correlation.  The mean percent error for 

equation 4.4 was 18.45%.  Table 12 shows the comparison of the mean percent errors for the 

Choi correlation and the new correlation.  Examining Table 12, one can see that the mean 

percent error greatly reduces with the new correlation.  This is due to the fact that the new 

correlation factors in the surface roughness and as stated before, the surface roughness greatly 

affects the Nusselt number in microchannels.   

Table 12: Nusselt number comparison 
Nusselt Number Correlation Mean Percent Error (%) 
Choi (Equation 4.1) 53.27 
Current (Equation 4.4)  18.45 

 

Like Chapter 3, the material and its role in predicting the Nusselt number was studied.  

The actual Nusselt number compared to the predicted Nusselt number from equation 4.4 was 

graphed.   Figure 6 shows this relationship with each material having a different marker.  The 

ideal graph would be a line that has a slope of one (represented by the black line). 

Comparing Figures 6 and 7, one can see that the new correlation greatly improves the 

prediction of the Nusselt.  There are some observations that can be seen when studying Figure 7.  

First, at lower Nusselt numbers, the scatter of the data decreases and becomes a narrow band.  

Second, at higher Nusselt numbers the new correlation still under predicts the Nusselt number 

like the Choi correlation.  As stated before, this is believed to occur because in microchannels the 

surface roughness can greatly affect the boundary layer.      
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. 

Figure 7: Experimental vs. predicted with material 
 

Next, using equation 4.4, performance graphs were created and studied to observe how 

the Nusselt number changes when multiple variables were held consistent.  For all the below 

performance graphs, the Nusselt number was analyzed at three separate Prandtl numbers (5, 75, 

125) and three separate Reynold numbers (500, 1000, 1500).  Figure 8 shows the first iteration of 

performance graphs and how the Nusselt number changes compared to the roughness ratio.  For 

these iterations, the thermal conductivity ratio was held constant at 5.   

y = x 

0

2

4

6

8

10

12

14

16

18

0.00 5.00 10.00 15.00 20.00

N
us

se
lt 

N
um

be
r P

re
di

ct
ed

 

Nusselt Number Actual 

Material Comparsion 

Glass

Silicon

Copper

Stainless

 30 



 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Figure 8: Roughness ratio performance graphs with changing Prandtl number and thermal 

conductivity ratio held constant at 5; (a) Pr = 5, (b) Pr = 75, (c) Pr = 125 
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Examining Figures 8 (a) (b) and (c) one can see that as the roughness ratio increases the 

Nusselt number also increases.  This is constant for each Prandtl and Reynolds number 

combination.  It can be concluded that it is ideal to have a higher roughness ratio in order to 

obtain a higher Nusselt number for the microchannel.  However, when the roughness ratio 

increases, the pressure drop in the microchannel will also increase which must be accounted for 

in the design.         

Finally, the Nusselt number was studied compared to a changing thermal conductivity 

ratio.  As in Figure 8, the Nusselt number was analyzed at three different Prandtl numbers (5, 75, 

125) and three different Reynold numbers (500, 1000, 1500).  For this set of performance graphs, 

the roughness ratio was held constant at 5.  Figure 9 shows the performance graphs for each 

condition.    

Studying Figure 9, one can see that as the thermal conductivity ratio increases, the 

Nusselt number decreases.  In order to have the highest Nusselt number possible, one desires to 

have a low thermal conductivity ratio.  In order to achieve this, the material must have a higher 

thermal conductivity than the fluid.  This can be accomplished very easily with materials like 

copper and steel but becomes more challenging when materials like silicon or glass are used for 

the microchannels.   

 

 

 32 



 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Figure 9: Thermal conductivity ratio performance graphs with changing Prandtl number and 

roughness ratio held constant at 5; (a) Pr = 5, (b) Pr = 75, (c) Pr = 125 
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Overall, the goal of this section was to study the Nusselt number correlation to determine 

if there was a better way to predict the Nusselt number.  When the surface roughness and the 

thermal conductivity were factored in, the correlation greatly improved.  The adjusted R2  value 

went to 82.06% and the mean percent error decreased to 18.44%.  However, with the decrease in 

the values, there are still multiple unknowns when predicting fluid flow in microchannels.  This 

study briefly touches on the boundary layer, but this needs to be studied in greater detail.  There 

needs to be detailed studies conducted on how think the boundary layer becomes in 

microchannels and how the surface roughness can interrupt that boundary layer.   

Also, performance graphs were created and analyzed in order to understand how the fluid 

interacts with the surface roughness and the thermal conductivity.  This study shows that in order 

to increase the Nusselt number, there is a desire to have a higher roughness ratio and a higher 

thermal conductivity for the material.  However, as stated in Chapter 3, as the roughness ratio 

increases, the friction factor also increases thus increasing the pressure drop.  One must be 

careful not to increase the surface roughness so high that the pressure drop is impossible to 

overcome.  The Nusselt number is very difficult to predict in microchannel, but with proper 

experiments and multiple factors the predictions become more accurate. 
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CHAPTER 5  

CONCLUSION 

An investigation into the friction factor and the Nusselt number correlations for 

microchannels and microtubes was conducted.  A thorough review of literature was studied and 

data points were taken from 15 authors.  This study focused on the fully developed laminar 

region (Re < 1500) with a specific focus on channels/tubes that have a hydraulic diameter 

ranging from 100-500 µm.  Different materials were studied along with many different 

Newtonian fluids with the overall goal to obtain a general correlation that can be utilized with 

different materials and fluids.   

This study has shown that the surface roughness plays an important role in predicting the 

fluid flow in microchannels.  When the surface roughness is incorporated into the friction factor 

correlation, one is able to predict the output more accurately.  The mean percent error decreased 

by over 10% when compared to the traditional friction factor correlation.  Also, conducting a 

statistical analysis on the data, an adjusted R2 value of 98% was obtained.  From the results, the 

study shows that surface roughness affects the friction factor on the microscale level.   

The Nusselt number analysis involved multiple factors when compared to the friction 

factor analysis.  There are many opinions as to what factors need to be considered when 

calculating the Nusselt number in microchannels.  Some authors use the viscosity, others use the 

Mach number, and still others use the length or the aspect ratios.  Conducting an intensive 

literature review showed that there are no standard factors considered when it comes to 

predicting the Nusselt number.  Some authors argue that macroscale correlations can predict the 

Nusselt number in microchannels; while other authors argue that in microchannels the Nusselt 

number performs very different than in macrochannels.   
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This study showed that when the surface roughness is factored into the Nusselt number 

correlation, one can better predict the Nusselt number.  Depending on the surface roughness, the 

boundary layer can be interrupted which in turn can affect the flow in the microchannels.  This 

boundary layer is extremely important when predicting the flow in microchannels.  More 

research needs to be conducted concerning the boundary layer in microchannels and how it 

changes with decreasing diameter.  However, from this study, one can see that the surface 

roughness needs to be considered when creating any future Nusselt number correlations for 

microchannels.   

From the results in Chapters 3 and 4, one can see that there is not one desired surface 

roughness for microchannel applications.  In Chapter 3, there is a desire to have a low roughness 

ratio in order to have a lower friction factor.  However, in Chapter 4, there is a desire to have a 

higher roughness ratio in order to have a higher Nusselt number.  With these two chapters going 

against each other, one cannot say a general statement on whether a low surface roughness is 

desired or if a high surface roughness is desired.   

As with anything in the engineering field, there are pros and cons to every design and 

every experiment.  It is the Engineer’s responsibility to take all the factors and see what is best 

for that particular case.  In one instance the pressure drop might not matter for a design and the 

Engineer is able to use an extremely high surface roughness and obtain an extremely high 

Nusselt number.  However, in another case the pressure drop might be extremely important and 

the Engineer needs to limit the surface roughness in order to have a reasonable pressure drop.  

These factors must be considered by the Engineer on a case by case basis.   

If one starts studying the experimental results of heat transfer in microchannels over the 

years, the results become more and more alike.  As stated by Morini [20], the results at the 
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beginning of this technology are all over the experimental spectrum.  However, over the years 

and with a better understanding on how fluid flows, one can see that the results are closing in on 

each other.  There is becoming less and less discrepancy between authors and this shows that the 

experiments are becoming more understood.  This will help in the future applications of 

microchannel and hopefully one day the applications will expand into the industrial world.  As 

technology advances, these discrepancies will become less and one day the prediction of the 

fluid flow in microstructures will be extremely accurate.   

Even with the experimental data becoming more and more alike, there are still a number 

of challenges for predicting the fluid flow in microchannels in the future.  One challenge is 

fouling and how to prevent the microchannels from becoming blocked by fouling.  There have 

been studies done to counteract fouling by coating the surface of the material with a resin and 

thus decreasing the surface roughness of the channel [3].  The coating of the surface can help 

with the fouling but it can also make the surface so smooth that the Nusselt number may 

decrease. 

Also, with such small channels, the fluid that is flowing through the channels needs to be 

very clean and not have any particles that could get caught in the channels and possibly block the 

channels.  There needs to be very fine screens at the beginning of the channels in order to stop 

any particles from entering the channels.  With these fine screens, the pressure drop greatly 

increases.  Controlling the pressure drop over the exchanger is a major challenge for 

microchannel designers.   

Future research needs to be conducted on how the microchannels can be manufactured at 

a rate suited for commercial/industrial applications.  Once the channels can be manufactured at a 

high rate, they need to be tested to see how their service life compares to traditional exchangers.  
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Companies are not going to buy microchannels if they cannot outperform and more importantly 

outlast traditional channels.  Life cycle cost analysis needs to be conducted in order for the 

industry to better understand the benefits.     

One can see that there is a wide range of data/information that has been published on the 

fluid flow in microchannels.  There are many correlations that have many different factors to 

calculate the friction factor and Nusselt number.  Different authors have different opinions on 

what the best techniques are to predict the fluid flow in microchannels.  Even though no 

experiments were conducted in this study, this study showed that the surface roughness needs to 

be considered in when predicting the fluid flow in microchannels.  
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