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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree _Doctor of Philosophy Program Microsystems Engineering

Name of Candidate Zhonghua Yao

Title Development of Nanowire Structures on 2D and 3D Substrates for Pool Boiling Heat

Transfer Enhancement

Boiling is a common mechanism for liquid-vapor phase transition and is widely
exploited in power generation, refrigeration and many other systems. The efficacy of
boiling heat transfer is characterized by two parameters: (a) heat transfer coefficient
(HTC) or the thermal conductance; (b) the critical heat flux (CHF). Increasing the CHF
and the HTC has significant impacts on system-level energy efficiency, safety and cost.
As the surface modification at nano-scale has proven to be an effective approach to
improve pool boiling heat transfer, the enhancement due to combination of nanomaterials
with micro-scale structures on boiling heat transfer is an area of current interest. In this
study, metallic- and semiconductor- material based nanowire structures were fabricated
and studied for boiling enhancement. A new technique is developed to directly grow Cu
nanowire (CuNW) on Si substrate with electro-chemical deposition, and to produce
height-controlled hydrophilic nanowired surfaces. Using a two-step electroless etching
process, silicon nanowire (SINW) have been selectively fabricated on top, bottom, and
sidewall surfaces of silicon microchannels. An array of the SINW coated microchannels
functioned as a heat sink and was investigated for its pool boiling performance with water.
This microchannel heat sink yielded superior boiling performance compared to a sample
substrate with only microchannels and a plain substrate with nanowires. The
enhancement was associated with the area covered by SiNWs. The sidewalls with SINWs
greatly affected bubble dynamics, resulting in a significant performance enhancement.
The maximum heat flux of the microchannel with SINW on all surfaces was improved by
150% over the microchannel-only heat sink and by more than 400% over a plain silicon

substrate. These results provide a viable solution to meet the demands for dissipating a

iv



high heat transfer rate in a compact space, with additional insight gained into the boiling

mechanism for the microchannel heat sinks with nanostructures.

Abstract Approval: Committee Chair

Program Director

Dean KGCOE
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CHAPTER 1

INTRODUCTION

From nuclear reactors with 1000 Mega-Watt (MW) output to 5 Milli-Watt (mW)
single microchip, phase change heat transfer is the dominant component of thermal
transport at all length scales. It is reported that the thermal energy generated by phase
change heat transfer plays a primary role in the world’s total energy: More than 90% of
world’s total power is produced by heat engines [1]. Boiling, a process of convection heat
transfer with phase change, is considered as one of the most efficient heat dissipation
methods and is utilized in various energy conversion and heat exchange systems and in
cooling of high energy density electronic components. Enhancing boiling heat transfer
would improve the efficiency of thermal energy transport and conversion; thereby
increases the overall energy efficiency. Numerous efforts have been dedicated in the
boiling enhancement research over the last several decades [2]. In many cases, the targets
of utilizing enhancement techniques of boiling heat transfer are to minimize the surface
temperature of heated objects at given heat loads, and to maximize the dissipation of heat

energy at given operating temperature.

The need for advanced thermal management systems based on boiling heat
transfer is driven by the fast development of very-large-scale integration (\VLSI) industry
and the associated increase in chip power density. High performance equipment can
generate heat flux up to several hundred or even a thousand W/cm? levels, while for most

integrated circuit and logic chips, a relatively constant component temperature below
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85<C has to been maintained. Nevertheless, due to the complexity of today’s chip designs,
there are local hot-spots which might have local heat flux of 300 W/cm? [3] formed on a
chip. This requires more advanced cooling solutions in order to keep the chip and its local
hot spots cool, and these challenges will be exacerbated by 3D integration, which seems
imminent. The commonly used air cooling’s ability to address temperature concerns is
limited by low heat transfer coefficient (HTC), and boiling therefore provides a valuable

alternative, as can be seen in Table 1.1[4] , as follows.

Table 1.1: Standard heat transfer coefficient ranges for convective heat transfer method [4]

Cooling method Heat transfer coefficient (W/m?*K)
Natural convection with gas 2-25
Forced convection with gas 25-250
Natural convection with liquid 50-1000
Forced convection with liquid 100-20,000
Boiling (convection with phase change) 2500-100,000

1.1 Boiling mechanism

Boiling is a phase change process in which vapor bubbles are formed either on a
heated surface and/or in a superheated liquid layer adjacent to the heated surface. It can
be further classified into pool boiling and forced flow boiling. Pool boiling refers to

boiling under natural convection conditions, whereas in forced flow boiling, liquid flow



over the heater surface is imposed by external forces. The noticeably high HTC observed
in the boiling process is due to the addition of the latent heat of vaporization associated
with the phase change from liquid to vapor. The heat transfer during the boiling process
is highly advantageous in systems that generate large amount of heat over a relatively
small area. In this work, the major interests are focusing on pool boiling and pool boiling

enhancement methods.

1.2 Pool boiling

Pool boiling typically requires a surface submerged in an extensive pool under
stagnant condition with heat transfer driven by the buoyancy force. The first systematic
study of boiling behavior was carried out by Nukiyama who explored the boiling
phenomena on a horizontal chrome wire, demonstrating the different regimes of pool
boiling performance using boiling curve [5], which depicts the dependence of the wall
heat flux g on the wall superheat on a surface submerged in a pool of saturated liquid.
The wall superheat, A7, is defined as the difference between the wall temperature and the

saturation temperature of the liquid at the system pressure.

A plot of heat flux versus wall superheat is shown in Figl.1 [6] for a liquid at
saturation condition. At very low superheat levels, no bubble nucleation is observed and
heat is transferred from the surface to the liquid by natural convection. At a certain value
of the wall superheat (point A), vapor bubbles appear on the heater surface. This is the
onset of nucleate boiling. The bubbles form on cavities on the surface that contain pre-

existing gas/vapor nuclei. As more heat is supplied to the liquid, more cavities become



active, and the bubble frequency at each cavity generally increases. As the spacing
between isolated bubbles becomes close and there is a rapid increase in bubble frequency,
bubbles from adjacent cavities merge together and eventually form vapor mushrooms or
vapor columns. This results in a dramatic increase in the slope of the boiling curve. In
partial nucleate boiling, corresponding to the curve a-b, discrete bubbles are released
from randomly located active sites on the heater surface.

Free convection Nucleate boiling | Transition Film boiling

boiling boiling

- | —————— - ) ——— -] 4 —»

o 10+ Maximum heat flux —» - - - - - - 5
; CHF
=
o 08
0.6 -
Onset of b
nucleate d \
04+ \

boiling Minimum heat flux

0.1 1 10 100 1000 10,000

AT (K)
Figure 1.1 Typical boiling curve, showing qualitatively the dependence of the wall heat flux on the wall
superheat [6]

With increasing surface superheat in the region of vapor slugs and columns, vapor
accumulates near the surface at some sites interfering with the inflow of the liquid toward
the surface, which eventually leads to dry out on some parts of the surface. Due to the

fact that the heat transfer coefficient with vapor is significantly lower than that with the
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liquid, the overall heat flux from the surface decreases (curve c-d). The maximum peak
heat flux during pool boiling (point c) is referred as the critical heat flux (CHF). The CHF
sets the upper limit of fully developed nucleate boiling. If the wall superheat is increased
beyond the critical heat flux condition, overall heat flux continues to be reduced. This
regime is referred to as the transition boiling regime. In this regime, dry portions on the
surface are unstable, showing significant fluctuations which result from the irregularity of
surface rewetting. If the transition boiling is continued with increasing heat, the regime
enters the film boiling regime (curve d-e). Stable vapor film is formed in this regime and
it insulates the heat transfer between heat transfer surface and the liquid. On a horizontal
surface, the vapor release pattern is governed by Taylor instability of the vapor-liquid
interface. With a reduction of heat flux in film boiling, a condition is reached when a
stable vapor film on the heater can no longer be sustained. In the case of a heat flux
controlled heater, an increase in heat flux beyond CHF results in a sudden rise in
temperature and the operating point shifts to E in the film boiling region on the pool
boiling curve. It is desirable to limit the operation to safe heat fluxes, generally about 70-

80 percent below the CHF to avoid catastrophic failure of the boiling surface.

1.2.1 Nucleate boiling

The onset of nucleate boiling on a heater submerged in a pool of liquid is
characterized by the appearance of vapor bubbles at discrete locations on the heater
surface. These bubbles form on surface imperfections, such as cavities and scratches. The
gas/vapor trapped in these imperfections serves as nuclei for the bubbles. After inception,
the bubbles generate and depart from the surface. A certain time elapses before a new
bubble is formed in the same manner. The nucleate boiling region can be divided into two

5















Figure 5.10 Successive images of bubble generation at low heat flux (10~15 W/cm®) on the samples of (a)-
(b) microchannel-only and (d)-(e) microchannel with SINW at 0.02 second intervals; (c) and (f) illustrate
the possible mechanisms of bubble generations on microchannel-only and microchannel with SINW surface

respectively.

Different bubble behaviors were observed on microchannel surfaces with and

without SINW. For the microchannel-only surface at low heat flux, a bubble nucleates at
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the bottom and moves to the fin where it attaches itself to the sidewall and then migrates
to the top surface and grows. The diameter of the bubble is confined by the channel width
but the bubble does not depart from the top of the fin surface until it reaches certain
critical departure diameter. However, when the microchannel surface is coated with
SINW, the bubble directly departs from the nucleation sites without sticking on top of the
fin surface, resulting in an instantaneous micro-sized bubble generation and a high
departure frequency. The SINW structures create a very high bubble nucleation site
density; thus at a given time, large number of small bubbles were observed on

microchannels with SINW samples than that on microchannel-only surfaces.

5.3.3.1 Microbubble emission boiling

At intermediate heat fluxes, microbubble emission boiling (MEB) was observed
on microchannel with SINW surfaces. The MEB phenomenon was first reported by
Inada [129] in a study of highly subcooled pool boiling. Subcooled flow boiling with
microbubble emission has been investigated Suzuki [130] . The MEB regime usually
occurs in the beginning of subcooled transition boiling, when the instability of bubble
interface is accelerated in the subcooled liquid and the interface collapses to form many
microbubbles. Because MEB promotes liquid-solid contact and increases heat flux, it
significantly enhances boiling performance by maintaining high heat flux while
preventing the dryout. In the boiling test of microchannel with SINW samples, it is found
that at intermediate heat fluxes, the coalesced bubbles generated on the heated surface
were broken to many microbubbles after contacting with the surrounding liquid. The
bubbles stably and continuously generated and sprayed from active nucleate site to form
jet flows in the liquid (Fig. 5.11.a-d). While at high heat fluxes, the coalescing bubble

91



size increased dramatically, as shown in Fig. 5.11(e-h). Because the details of MEB
generation is not yet fully understood, the bubble behavior at different heat flux region
may be attributed to some unique characteristics of SINW, as MEB was not observed on
microchannel-only samples. The commencement of MEB however, may explain the
superior boiling performance of microchannel with SINW surfaces at intermediate heat

fluxes.
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Figure 5.11. Successive images of (a-d) microbubble emission boiling at intermediate heat flux (60~80

W/em®) at 0.1s interval and (e-h) large bubble generation at high heat flux (120~140 W/cm?) at 0.02s
interval for microchannel with SINW surface
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5.4 Summary

In this chapter, pool boiling tests were conducted on CuNW on copper chip,
CuNW on Si chip, SINW on Si chip and SiNW on Si microchannel heat sink,
respectively. The results have shown that NW structure can significantly enhance pool
boiling performance in that both CHF and HTC of NW coated surface are improved
comparing to surfaces without NW structure. Several factors that may attribute to boiling
enhancement are demonstrated in experimental data. Those factors include surface cavity,
surface wettability and bubble dynamics. More details will be discussed in the following

chapter.

In addition, the testing of micro/nano hieratical structure on Si microchannel heat
sink suggests that 1) For microchannel without SINW, the pool boiling performance was
primarily affected by microchannel geometry, as surface with wider channel size and
smaller fin pitch demonstrate superior boiling performance; 2) after incorporating with
SiNW, the enhancement ratio is only related to the area covered by SiNW, which
suggests that more surface area covered by SiNW, the higher enhancement the surface
would possess; 3) the sidewall structure of microchannel plays a very important role in
boiling process, as the heat flux difference between microchannel with sidewall SINW
and the same one without sidewall SINW can be as high as 42%, as indicated in the
testing results. This finding may provide insight for advanced cooling technique in 3D

IC architecture development.
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

The Pool boiling experiments conducted on 2D/3D substrates with/without NW
structures suggested that the nanowire structure would significantly improve the pool
boiling heat transfer, regardless of the heating surface property and geometry. In this
chapter, the mechanism of the enhancement was investigated and summarized, followed

by a discussion on the fabrication merits and the major findings from this work.

6.1 Enhancement mechanism

Through the boiling tests, several special behaviors of NW surface were noted
which contribute to the enhancement. Firstly, it is observed that surface cavities created
by NW structures serve to increase the active bubble nucleation sites, and the average
NW height directly affect the cavity size and density. Fig. 5.6 shows that the cavity
density of 20 pm CuNW is 58% and for 35 pm SiNW, it is 65%. The maximum cavity
size also increases as NW height increases, the maximum cavity was found on the 35 pm
SINW surface, with a size of 2.5 m. This may explain why substrate with 35 pm SINW
demonstrates the best pool boiling result. The surface cavity with large opening size can
enhance nucleation from the larger embryonic bubbles, increase thin film evaporation due
to the large surface area of the nanowires, and two-phase convection within the cavities.
During the nucleate boiling, the vapor embryos exhilarate bubble generation in cavity
mouth at comparatively less superheat. In addition, the increase in surface cavity would

also affect the bubble dynamics. Fig. 5.4 shows that the Nanowired surface generates
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smaller sizes of bubbles with higher departure frequencies compared to the plain surface.
The consistent contributing factor to nucleate boiling enhancement using the NW
structure is the increase in the bubble departure frequency, which is caused by the
increase in both single site frequency and nucleation site density. The occurrence of these
phenomena would lower the heater surface temperature by reducing the average
temperature within the superheated liquid layer that surrounds the heated surface. An
increase in single site frequency would reduce the waiting time between bubble
generation and departure therefore lead directly to a lower surface temperature. A rise in
the number of active bubble nucleation sites would increase the individual bubble
influence areas, thus enable the removal of larger amount of superheated liquid and
inhibits the growth of the superheated liquid layer, resulting in a lower wall superheat.
Since an increase in the average NW height would increase both the number of surface
cavity and the cavity size, fabricating high aspect ratio nanowire structures has practical

application in boiling heat transfer enhancement.

Secondly, the surface wettability change caused by NW also contributes to the
pool boiling enhancement. Surface wettability is a very important parameter in phase
change heat transfer situation where liquid surface takes away heat from solid surface.
Higher wettability improves the solid-liquid contact that causes better and efficient heat
transfer from one to another. In addition, higher wettability suggests a greater affinity
towards water thus it can delay the incoming of film boiling and prevent the occurrence
of individual hot spot on the heating surface. Therefore, higher wettability is highly
desired in boiling and evaporation. The contact angles of water droplet on NW surfaces

are significantly lower than that of plain surfaces. As shown in Fig. 2.6 and Fig. 3.4, the

96



liquid-solid contact angle of CuNW surface is 28° and that for SINW it is 0° (completely
wetting). The decrease in the evaporation time and the increased CHF are the outcomes
of improved wettability of the NW surfaces. Thus, surface hydrophilicity induced by the

NW structures is another cause of enhanced pool boiling heat transfer.

In addition, it is found that the surface area of the NW is directly related to the
HTC. Taking the microchannel heat sink for example, the surface area of microchannel
#1 is about 2.05 times of plain Si substrate (Table 5.3). After SINW coating, the heat flux
is improved by 120% over the same sample without SINW coating at a given wall
superheat and the HTC is more than four times higher than that of plain Si surface. While
for microchannel #9, which is about 1.35 times larger than plain Si substrate in surface
area, the heat transfer improvement is only 27% after SINW coating. This result suggests

that higher NW coverage could lead to better HTC.

6.2 Fabrication merits

In this study, new fabrication methods were developed to directly grow CuNW on
flat Si substrate and grow SiNW on 3D microchannel surface, respectively. Both of them
are more advantageous than the conventional fabrication techniques for the application of
boiling enhancement. The direct growth of CuNW technique is a simple and controllable
method and it can be applied to a variety of substrates. The NW array without any
intermediate epoxy layer strengthens the overall mechanical and thermal reliability,
therefore it would be beneficial in other applications where large area coverage of

metallic nanowires is desired.
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The two-step etching for SINW fabrication on Si microchannel heat sink is the
first attempt on creating uniform NW structures on non-flat substrates through wet
etching. The first step involves the metal-assisted etching targeting (100) planes of the
microchannel (i.e. top and bottom area of microchannel), and the second step is initiated
by adding more oxidant in the etching solution to promote the etching at (110) planes of
the microchannel (i.e. sidewall area of microchannel). Therefore, by applying different
etching conditions for different crystalline direction, the electroless etching is capable of
creating uniform SiNW on silicon-based three-dimensional geometry. The as-fabricated
SiNW on (100) surface is 50 nm in diameter and 15~20 pm in height, while on (110)
surface it is 80~100 nm in diameter and 10~15 pm in height. The geometry difference
may be due to the etching duration difference. While incorporated with microchannels,
this simple, controllable and low-cost fabrication method can further expand onto
applications of nanostructure in advanced heat and mass transfer devices, not limited to

the flat substrates.

6.3 Conclusion

This study demonstrates that pool boiling heat transfer in water can be enhanced
by applying nanowire structures to heating surfaces. The effects of NW height have been
explored, showing that the density and size of surface cavity increase as the NW height
increases, and the pool boiling performance is enhanced regardless of the NW material.
In addition, a two-step etching method was developed to fabricate uniform SIiNW
structures on the whole surface area of Si microchannel heat sinks. The main findings

and conclusions are summarized as follows:
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For NWs fabricated on 2D flat surfaces:

1 A modified synthesis technique is developed to directly grow CuNW on Si surface.
With this technique, the durability and interfacial strength of NW structure are
enhanced while the thermal resistance between the NW array and the substrate, due to
epoxy layer needed in previous methods, is eliminated.

2 The average height of CUNW and SiNW can be controlled by synthesis parameters,
and NW height is one of the key characteristics that influence the pool boiling
performance. The best pool boiling performance was observed on SiNW with average
height of 35 pm, which yield a heat flux of 134 W/cm? at 23 K wall superheat, more
than 2 times higher than plain Si surface. However, it is believed that there should be
a critical value for both cavity density and NW height, below which, the enhancement
brought by nanowire structure become trivial.

3 The testing results of NW on 2D substrates suggest that for pool boiling with water
on the nanowired surfaces, the heat transfer can be enhanced by increasing the NW
height. Large number of cavities and openings were observed on the surface with
higher NW arrays, which contribute to the enhanced pool boiling performance by
providing more and stable active bubble nucleation.

4 Boiling performance of SINW and CuNW appear to be similar to each other due to
the fact that as heat transfer in boiling is dominated by bubble dynamics rather than
heat conduction, the surface morphology plays a more important role in boiling heat

transfer.
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5 NW structures can significantly improve surface wettability, making heating surface
more hydrophilic. The contact angles of water droplet on CUNW and SiNW surface

are 28" and 0°, respectively.

For SiNWs fabricated on 3D microchannel surfaces:

1 A two-step synthesis process is developed to create uniform SiNW structures on the
orthogonal surfaces of the microchannels, including the (100) surface on the top and
bottom, as well as the (110) surfaces on the sidewalls. The average height of the
SiNWs is around 15~20 pm, with a diameter between 50~80 nm.

2 The microchannel geometry plays a critical role in pool boiling performance, for
microchannels with 150 pm depth, large channel width and small channel pitch are
preferred for better boiling performance. However, when SiNW are incorporated,
microchannels with more surface area have higher enhancement ratio. A 400%
improvement of HTC was observed on the microchannel samples with most surface
area after SINW coating, compared to the plain Si surface.

3 The SINW synthesis mechanism indicates that uniform SINW can be created on the
surfaces at their own crystalline directions, with controllable morphology. By
growing SiINW on the surfaces of the microchannel heat sink for pool boiling
applications, the total effective heat transfer surface area increases and the heat
transfer performance is significantly enhanced.

4 Microchannel sidewall structure directly affects the boiling behavior, as the
incorporation of SINW on the sidewall surfaces results in a 40% improvement in

HTC compared to the microchannel sidewalls without SiNW. The boiling
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APPENDIX A

Labview VI for the data acquisition

The screen shots of the LabView front panel VI and block diagram are shown
below. In order to monitor the steady state for data recording, an indicator was integrated
into the VI. This indicator, in the form of a green light, turns on when all thermocouples
are only varying by the standard noise, determined as twice the standard deviation from
the calibration. Over a course of 12.5 seconds, if the recording temperatures from all
thermocouples do not show a derivation beyond the normal nose, the green light will be
on indicating the boiling system has reached steady state. For Si-based substrate
(400~450 pm in thickness) testing, only thermocouples T;- T4 are needed for calculation.
For Cu-based substrate (about 3 mm in thickness), an extra thermocouple (Ts) is insert

into the sample through the sidewall for extrapolating surface temperature on Cu surface.
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Figure A.2 Overview of the block diagram of the DAQ
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The block diagram of the DAQ is divided into two parts shown below for a better
view. In figure A.3, the date type terminals and block diagrams responsible for the icon
terminals of front panel are defined. The digital data is converted from analog data by the
NI-cDag-9172 hub in channel 10~14 which is connected with a working station by USB
connector. The Al Temp TC diagram contains the input data channel, data sources and
max/min value of the temperature value allowed in the temperature VS time waveform in
front panel shown in figure A.1 (in the diagram, the max and min value of the
temperatures are set as 300 and 0 degree C, respectively). The date type of Temp History
Size and Number of Samples is 32-bit signed integer numeric, while for the Rate, it is
double-precision floating-point numeric. The recording rate is set as 4 Hz for the current
boiling tests. In this part, icon terminals such as Read, Write Date, and History Date are

also defined.

¥ Pool Boiling Control_rev7.vi Block Diagram
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Figure A.3 First part of the DAQ block diagram
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Figure A.4 Second part of the DAQ block diagram

The second part of the DAQ block diagram (Fig. A.4) is built to convert the
analog data into digital data and is primarily responsible for the temperature VS time

waveform chart and data logging icon terminals shown in front panel. The sub-block

diagram of icon % (Temperature calibration scale) is shown below to suggest how the
temperature data is converted and calculated for the waveform. Both Surface

Temperature, Heat Flux value are obtained through the temperature calibration scale.

The date output is realized by the Write Date function (default as True during the
tests). When the icon of Log is turned on green in the front panel, a tdms file (default file
type) will be automatically generated and the data will be logging in the destined format.
The logging data will be checked simultaneously to ensure no error occurs. In the event a

date shows unknown data type or exceeds the pre-set limits, an error message will pop-up
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and indicate the error type, without interrupting the data logging process. The ions of
Clear Chart History, Stop and Read on the front panel are also setup by True/False loop

shown in Fig. A.4.
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Figure A.5 Sub-block diagram of the temperature calibration scale
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APPENDIX B

Matlab program for cavity approximation on NW surface by
Imaging process [131]

The cavity calculation is realized by converting the grayscale image to binary
image. The output image replaces all pixels in the input image with value 1(white) and
replaces all other pixels with the value 0 (black). Specify the gray thresh hold value in the
range [0,1]. This range is relative to the signal levels possible for the image’s class.
Because in the SEM images of NW surface, the grayscale of cavity area is always lighter
than NW area due to contrast difference, therefore by setting up the gray thresh hold

value, the cavity area can be distinguished from NW area.

Matlab code for cavities and NW number count calculation of NW surfaces (fig. 2.5 and

fig.3.3)

I1=imread('fig.3.3(a).jpg");
figure,imshow(11)

graythresh1= graythresh(l1) “computes a global threshold (level 1) that can be used to
convert the image to a binary image with im2bw. Level
is a normalized intensity value the lies in the range
[0,1].”

111 = ones(size(11))-im2bw(11); ; “defines the 111 as an array of the binary matrix”

figure, imshow(111)
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BW1 = edge(l11,'canny',graythreshl); “Use Canny algorithm to find the edges of objects
in images”

figure, imshow(BW1)

L = bwlabel(BW1);
imshow(label2rgb(L, @jet, [.7 .7 .7]))

return
I1=imread('fig3.2(b).jpg’);
figure,imshow(11)

graythreshl= graythresh(l1)

BW1 = edge(l1,'canny’,graythreshl);

figure, imshow(BW1)

Dark_area2 =length(find(I1<graythreshl))/(size(11,1)*size(11,2))

I1=imread('fig.3.2(c).jpg");
figure,imshow(11)

graythreshl= graythresh(l1)

BW1 = edge(l1,'canny',graythreshl);

figure, imshow(BW1)

Dark_area3 =length(find(I1<graythreshl))/(size(11,1)*size(11,2))

I1=imread('fig.3.2(d).jpg");
figure,imshow(11)

graythresh1l= graythresh(l1)

BW1 = edge(l1,'canny’,graythreshl);

figure, imshow(BW1)

Dark_area4 =length(find(I11<graythreshl))/(size(11,1)*size(11,2))
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[Dark_areal Dark_area2 Dark_area3 Dark_area4]

return
I2=imread('fig.4.1(a).jpg");
figure,imshow(12)

graythresh2= graythresh(12)

bw = im2bw(12,graythresh(12));

figure,imshow(bw)

BW1 = edge(l12,'canny");

figure, imshow(BW1)

Dark_area2 = length(find(I12<graythresh(12)*255))/(size(12,1)*size(12,2))

I3=imread('fig.3.2(c).jpg");
figure,imshow(13)

graythresh3= graythresh(13)

bw = im2bw(I3,graythresh(13*0.5));

figure,imshow(bw)

BW1 = edge(l3,'canny");

figure, imshow(BW1)

Dark_area3 = length(find(I13<graythresh(13)*0.5*255))/(size(13,1)*size(13,2))

l4=imread('fig.3.2(d).jpg");
figure,imshow(14)
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graythresh4= graythresh(14)

bw = im2bw(l4,graythresh(14)*1.25);

figure,imshow(bw)

BW1 = edge(14,'canny");

figure, imshow(BW1)

Dark_area4 = length(find(I14<graythresh(14)*1.25*255))/(size(14,1)*size(14,2))

la=imread('fig.4.1(a).jpg");
figure,imshow(la)

graythresha= graythresh(la)
bw = im2bw(la,graythresh(la));
figure,imshow(bw)

BW1 = edge(la,'canny");

figure, imshow(BW1)
Dark_areaA = length(find(la<graythresh(la)*255))/(size(la,1)*size(la,2))

Ib=imread(‘fig.4.1(b).jpg");
figure,imshow(lb)

bw = im2bw(lb,graythresh(lb));
figure,imshow(bw)

Dark_areaB = length(find(Ib<graythresh(lb)*255))/(size(Ib,1)*size(l1b,2))

[Dark_areal Dark_area2 Dark_area3 Dark_area4]
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