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ABSTRACT 

Industries are facing a major problem due to the deposition of the scaling/fouling layer on the 

plate heat exchanger which directly affects the life expectancy of the heat exchangers. The 

buildup of scaling/fouling layers over the surface of the heat exchangers also reduces the cross-

sectional area of the tubes or flow channels, which increases the resistance of the passing fluid.  

To mitigate the scaling/fouling problem in the heat exchangers, coatings are the prevalent, 

practical, and preferred method to protect the metals like stainless steel and its alloys from 

corrosion. In this era, graphene-based organic polymer coatings are widely used as corrosion 

fortification aids. Graphene has engrossed momentous responsiveness in several industrial 

fields due to its greater anti-corrosion and barrier properties. In the present study, the graphene-

based epoxy polymer coating was applied on SS304 grade using the paint spray technique. 

Several heat transfer effectiveness experiments were conducted on the heat exchanger test rig.  

The coatings were characterized using FE-SEM and Raman spectroscopy to confirm the 

uniform distribution of graphene. Potentiodynamic polarization tests were conducted on the 

specimen to evaluate the anti-corrosion performance of the coating. FE-SEM and Raman 

spectroscopy results showed that the spray coating technique is suitable. Electrochemical 

results reveal that the graphene-based epoxy polymer coating is ~18% less corrosive than the 

SS304 grade. The incorporation of 0.3 wt.% of graphene into the epoxy coating significantly 

improved the corrosion resistance and thermal properties. 

 

Keywords: Heat exchanger, epoxy coatings, graphene coatings, potentiodynamic polarization, 

FE-SEM, etc.   
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CHAPTER 1 

Introduction 

This section has covered the introduction to heat exchangers, corrosion, fouling losses, and 

modern-day techniques to avoid fouling. Furthermore, this section also comprises the 

requirements, inspiration, benefits, and applications of recent work. 

1.1 Heat Exchanger 

A heat exchanger is a type of mechanical device that helps to exchange the heat of cool fluid 

for hot fluid or vice versa. Heat exchangers are widely used in industrial as well as domestic 

applications. The most common types of heat exchangers are concurrent or parallel flow, 

counter-flow, single-pass crossflow, and multi-pass crossflow [1]. All type of heat exchanger 

works on constant pressure e.g. evaporator, condenser, boilers, etc.  

Types of Heat Exchangers 

1. Simple Heat Exchanger 

In a simple heat exchanger, there are two concentric pipes with different radii. Two 

arrangements are possible in this type of heat exchanger i.e. parallel flow and counter-flow. In 

parallel flow, both hot fluid and cold fluid enter from the same end and flow in the same 

direction. In counter-flow both fluids enter from opposite ends and also flows in opposite 

direction. 

 

Fig. 1.1 Parallel and Counter-flow Heat Exchanger 



2 
 

2. Compact Heat Exchanger 

In the compact heat exchanger, both fluids generally flow perpendicular to each other. This 

type of pattern is known as cross-flow. It is further categorized as mixed and unmixed flow.  

 

Fig. 1.2. Compact Heat Exchanger 

3. Shell-and-Tube Heat Exchanger 

This type of heat exchanger consists of a huge number of tubes packed parallel in a shell. One 

fluid flows inside the tubes while the second fluid flows outside the tubes. Baffles are used in 

the shell to increase heat transfer rate by increasing heat transfer coefficient and also used to 

maintain constant space between the tubes. 

 

Fig. 1.3 Shell and Tube Heat Exchanger 

4. Plate and Frame Heat Exchanger 

In this type of heat exchanger, heat transfer takes place through alternate passages. It consists 

of several plates. Every cold fluid stream is ambiance by two hot fluid streams. 
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Fig. 1.4 Plate and frame heat exchanger 

1.2 Corrosion 

Corrosion is a process in which metal got degrades when it comes into the contact with the 

environment. It changes a metal into oxide, hydroxide, or carbonate. It generally occurs when 

the maximum amount of atoms on the metal surface gets oxidized. It damaged the whole 

surface when the metal comes in contact with air or water due to the oxidation process. In heat 

exchanger corrosion is a major issue, it affects its effectiveness and hence maintenance costs 

will be high. 

In iron-based alloy, the chemical reactions takes place are shown in the equation (1.1) and 

(1.2): 

On the anodic area, 

Fe    Fe2+ + 2e-     (1.1) 

On the cathodic area, 

2H+ + 2e-   H2     (1.2) 

Iron corrosion rates are controlled by this cathodic side reaction but it is a very slow process. 

This cathodic process can be boosted by depolarization [2]. 

 

Fig. 1.5 Corrosion on Heat Exchanger 
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Types of Corrosion 

1. Uniform Corrosion 

The uniform attack is also known as a general attack. It is distributed at a constant rate on the 

surface [3]. 

                                      

Fig. 1.6 Uniform Corrosion 

2. Pitting Corrosion 

This type of corrosion is deep and directional. It occurs during the break-in metal layer. The 

depth of the pits is comparatively more than their diameter [3]. 

                                                    

Fig. 1.7 Pitting Corrosion [3] 

3. Inter-granular corrosion 

It arises along crystalline grain boundaries. It generally arises from the weld degradation of 

stainless steel [3]. 

 

Fig.1.8 Inter-granular corrosion [3] 
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4. Crevice Corrosion 

It is the form of localized corrosion in which a narrow gap in the metal surface allows leakage 

of liquids or air. Initiation of crevice corrosion happens due to the depletion of oxygen as well 

as chlorides [4]. 

 

Fig. 1.9 Crevice corrosion [4] 

5. Stress Corrosion 

Due to a combination of mechanical stress and a corrosive environment, stress corrosion comes 

into the picture. This type of corrosion generally occurs externally and also where the residual 

stress is affecting [4]. 

                        

Fig. 1.10 Stress Corrosion and Cracks [3-4] 

6. Erosion Corrosion 

This type of corrosion generally occurs due to the flow of corrosive fluid on a metal surface. 

Due to turbulent flow, this type of corrosion can be observed. In shell and tube type heat 

exchanger it occurs between baffle and tube contact [4]. 

 

Fig. 1.11 Erosion Corrosion [3] 
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7. Galvanic Corrosion 

Generally, galvanic corrosion occurs due to the electrical connection of the different types of 

metal and when comes into the contact with the electrolyte. The galvanic cell along with 

potential difference is generated due to this process [4]. 

 

Fig. 1.12 Galvanic Corrosion 

8. Microbiologically Induced Corrosion 

The bacteria, algae, and fungi are encountered when coming in contact with the environment. 

Very commonly these microorganisms are found in water having very low temperatures. They 

increase the pressure drop and also decrease the heat transfer rate [4]. 

 

Fig. 1.13 Microbiological Corrosion 

1.3  Prevention of Corrosion 

Corrosion can be prevented by changing the material to a suitable one, changing the 

environment where the metal is placed, using a protective coating like epoxy and polyurethane, 

or by modification in the design of the component [2]. Among all, the protective coating 

method to prevent corrosion is widely used and can be used for the long term. 

Epoxy Coating 

To overcome the corrosion problem, coatings are widely used nowadays due to their low cost 

and their compatibility. Generally, epoxy coating and polyurethane coating are used in the 

marine and aerospace industries. Epoxy can be used in the design of heat exchangers, but epoxy 
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cannot be used alone due to its low thermal conductivity and thermal capacity [5]. By using 

nanoparticles like graphene, we can use epoxy while designing the heat exchanger [6]. With 

the mixture of epoxy and graphene, it would have very good properties of thermal conductivity, 

thermal capacity, and anti-corrosion properties. 

1.4  Motivation 

In petroleum, oil, and gas industries heat exchangers play a significant role.  In every process, 

the heat exchanger comes into contact with different types of environments. Many of them are 

aggressive, and some of them are not measured to be corrosive. In a recent investigation loss 

due to corrosion was studied by NACE (National Association of Corrosion Engineers) in 2016, 

the yearly global loss is approximately 2.5 trillion dollars. Earlier in 2001, it was studied that 

in the United States annually the amount of $276 billion expends on corrosion of all types. For 

power generation, in which heat exchangers are regularly used, the yearly corrosion budget is 

estimated to be $6.9 billion [4]. Epoxy coating is one of the best methods to reduce corrosion 

due to its anti-corrosion properties. 

1.5 Benefits of the proposed research 

The several benefits of the proposed research are: 

 Graphene has exceptional anti-corrosive and durability properties.  

 Graphene helps in improving the mechanical and surface properties of the coating. 

 The overall thermal conductivity of epoxy and graphene coating can be improved by 

increasing the quantity of graphene. 

 The incorporation of graphene helps in enhancing the chemical and wear 

resistance properties in the epoxy coatings. 

1.6 Objectives 

 To synthesize the nano-coatings and apply them through the paint spray technique. 

 Characterize the nano-coating using FE-SEM and Raman spectroscopy technique. 

 Perform the experiments on the heat exchanger test rig to evaluate the efficacy of 

coatings compared to the base material. 

 To determine the anti-corrosive behavior of the coatings using an electrochemical 

technique. 
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CHAPTER 2 

Literature Review 

2.2 National 

 Kalidasan et al. [7] studied the drop in the non-uniformity in fluid flow in a compact heat 

exchanger between the header tube and lateral tube. Circular, rectangular, square, and 

triangular headers with different flow rates ranging between Re 1000 to 20000 are analyzed. 

Among all cross-sections and for different inlet mass flow rates, the triangular header is best 

for uniform distribution. It has been found that low mal-distribution is very high for circular 

cross-sectional headers and is low for triangular cross-sections when compared with other 

configurations. 

Raja et al. [8] studied the consequence of the boundary of aluminium (Al) and stainless steel 

(SS) with the help of Cd, Cu, Ag, and brass interlayer. The interface is created by applying the 

aluminium casting over stainless steel. For heat exchangers, it is a cost-effective technique. Cu 

interlayer results in maximum bond strength of 112.45 MPa and for Cd, it results in a bond 

strength of 91.2 MPa. 

Rooby et al. [9] estimated the performance of a novel Nano-phase reformed fly ash-based 

cement polymer coating over steel reinforcements in a corrosive atmosphere. Electrochemical 

studies were done with chlorides and the performance was evaluated for the long term by an 

impressed voltage test. Both microstructures of the coatings and chemical composition of 

corrosion products were analyzed using scanning electron microscopy (SEM), X-ray 

Diffraction technique (XRD), and Laser Raman Spectroscopic (LRS). The results show the 

reimbursements of Nano-material incorporated fly ash cementitious coating on rebars in 

corrosion protection. Corrosion rates of Nano-modified coated rebars were 76% to 89% lower 

than that of uncoated rebars. 

Kumar et al. [10] investigate the tribological performance of dual coatings of epoxy 

composites. They used epoxy with 10 wt% of graphene and base oil each. Hard coatings of 

DLC, WC, and TiAlN were applied on D2 steel. They evaluate the coefficient of friction and 

wear life at 10 N and 15 N normal loads in both dry and lubricated conditions. Among all the 

dual-coatings at 10 N load, the COF of the dual-coating with DLC intermediate layer was the 

lowermost (0.09) in dry conditions. In lubricated conditions, the COF was lowest for TiAlN as 
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an intermediary layer (0.07). There is negligible wear on dual-coating with DLC intermediate 

layer under dry conditions, but there were minor scratches on the intermediate level under the 

base oil-lubricated state at 10 N and 15 N normal loads. 

Kamde et al. [11] studied the performance of corrosion in damaged FBEC steel rebars. They 

studied the macro-cell corrosion specimens (Modified ASTM G 109) for Six months. Scratches 

on the fusion-bonded-epoxy-coating result in moisture-induced crevice corrosion. ASTM 

G109 test specimens can be used to assess the corrosion resistance of FBEC steel rebars. 

Rajitha et al. [12] developed an efficient bio-based corrosion-resistant coating on mild steel 

by using gelatin. They studied the corrosion guard performance of epoxy coating integrated 

with modified gelatin (MGel) and MGel-graphene oxide (GO) nanocomposites on mild steel. 

The characterization of MGel and MGel-GO has been done using Fourier transform infrared 

spectroscopy (FT-IR), Raman spectroscopy, X-ray diffraction (XRD), and Thermo-gravimetric 

analysis (TGA). The results show the chemical interactions between GO and MGel.  

2.3 International 

Galeazzo et al. [13] tested both parallel and series flow arrangements by developing a flat plate 

with a four-channel plate heat exchanger. They compared CFD and experimental results. The 

CFD and experimental (plug flow model) results were quite impressive for parallel flow as 

compared to the series arrangement. A negligible error was found using CFD as compared to 

the plug flow model. 

Chen et al. [14] studied the graphene-coated characteristics to improve the anti-de-icing 

efficiency of composite materials. The helicopter rotor is used to generate centrifugal force for 

conducting this experiment. The experimental data shows that graphene boosts the heat transfer 

of composite materials. They also studied two parameters i.e. coating thickness and spraying 

pressure. The thermal conductivity can be improved by reducing the coating thickness. The 

heat transfer is quite good while using high spraying pressure. 

Sun et al. [15] studied the reduced graphene oxide in series by reducing graphene oxide 

thermally. They have done all experiments on different annealing temperatures from 600℃ to 

1000℃ to check the thermal conductivity of epoxy composites. Better dispersion is obtained 

for selectively reduced graphene oxide as compared to graphene oxide. 
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Chen et al. [16] investigate the graphene and graphene oxide coatings with epoxy resin to 

improve corrosion resistance and heat transfer. The result shows that at the initial stage of the 

corrosion process graphene coating is better than graphene oxide. The anti-corrosion efficiency 

is obtained higher for graphene and graphene oxide composite coating at 0.89% mass fraction. 

Its anti-corrosion efficiency is 92.57% higher than neat epoxy coating. Also, the heating rate is 

higher for graphene and graphene oxide as compared to neat epoxy. 

Li et al. [17] introduced graphene oxide fly ash cenospheres mix fillers to enhance the rust 

resistance of epoxy resin composite coating. They studied three types of coatings i.e. neat 

epoxy, epoxy resin with graphene oxide, and graphene oxide fly ash cenospheres with epoxy 

resin. Among three GO-FACs and epoxy resin coating is best for wear resistance. GO-FACs 

have better adhesion properties with epoxy resin than EP and GO/EP. 

Alhumade et al. [18] studied epoxy graphene composite for rust protection coating on SS304 

by using the polymerization approach. SEM and TEM are used to observe the dispersion of 

graphene. The results show that graphene increases the heat transfer rate and epoxy graphene 

coating increases the resistance to corroding. 

Alhumade [19] studied the adhesion performance of epoxy graphene coating in a 3.5 wt% 

NaCl medium for 60 days. Post adhesion properties are analyzed by SEM. Up to 0.5% graphene 

gives the best results for corrosion and impact resistance for epoxy coatings.  

Cui et al.  [20] studied the effect on corrosion resistance by using graphene oxide with water-

borne epoxy. With GO-PDA/EP there is a significant improvement in corrosion protection. 

Even after mechanical damages GO-PDA/EP shows better corrosion protection. 

Zheng et al. [21] investigate urea-formaldehyde resin coating with modified graphene oxide. 

The characterization has been done with SEM, TEM, and XRD. With high dispersion of 

modified graphene oxide urea-formaldehyde resin and epoxy resin has superior compatibility. 

Results show that on carbon steel, epoxy coating and modified graphene oxide improve the 

corrosion protection properties. 

Lin et al. [22] prepared a coating of epoxy with reduced graphene oxide and 

poly(styrenesulfonate) polyaniline. The mechanical and anticorrosion properties have been 

analyzed. PSS solution was prepared by using reduced graphene oxide platelets. Epoxy coating 
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at 0.5 wt% PSS-PANI/rGo improved the tensile strength by 39 % and tensile toughness by 127 

% as compared to neat epoxy. 
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CHAPTER 3 

Methodology  

3.1. Materials 

Stainless steel 304 is used as a coating specimen throughout the experiments. The chemical 

composition of SS-304 is mentioned in Table 1. Graphene powder with layer thickness: 0.8-2 

nm and layer count between 1-3 with a carbon content of 85-92%, the oxygen content of 5-

10% were provided by AdNano Technologies, and used for coating application. Epoxy resin 

with operating temperature -40 ℃ to +150 ℃ system was used to incorporate as a matrix in 

graphene and was procured from Electrolube India. Steel Nano guard (film thickness of 0.2-4 

microns, and stables from -200℃ to +400℃ is an inorganic, eco-friendly, and water-based 

compound used to prevent corrosion. 

Table 3.1. Chemical composition for SS 304.  

Material C Mn Si P S Cr Ni Fe N 

% 0-0.7 0-2 0-1 0-0.5 0-0.03 17.5-19.5 8-10.5 Bal. 0-0.11 

 

3.2 Methods 

 In this section, I have discussed step-by-step experimental work and the equipment that I have 

used while performing the experiments. Also, the characterization of graphene has been 

discussed briefly. 

3.2.1 Preparation of the composite coatings  

The coating was prepared using epoxy resin/hardener (3/1), and graphene in definite 

proportion. For proper dispersion, the mixture of epoxy resin and graphene was ultrasonicated 

for one hour in an ultrasonicator as shown in fig. 3.1(a). Stainless steel 304 plates were selected 

for coating with the size of 30 cm × 30 cm × 0.08 cm and 1cm × 1cm cleaned with acetone. 

After the acetone on the surface got evaporated, the coating was done by applying a prepared 

solution with a thickness of 200 microns on the SS 304 plate with the paint spray technique as 

shown in fig. 3.1(c) and (d). Then the coated steel plates were carried out in a vacuum drying 

oven at 60 ℃ for 60 minutes. 
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Fig. 3.1 shows (a) Ultrasonicator (b) heat oven (c) coating preparation (d) coating with paint spray technique 

(e) bare steel plate (f) epoxy graphene plate (g) steel nano guard plate. 

3.2.2 Characterization 

Scanning Electron Microscopy 

In SEM electrons travel between an anode and electron-emitting cathode which heats the 

tungsten filament. The beam of a monochromatic electron is then concentrated onto the 

sample’s surface through lenses. The beam’s energy moves the electrons from atoms at the 

surface of the sample to either leave the surface or be adsorbed. The leaving electrons are piled 

up by the detector that boosts them and makes an electron micrograph [23]. 

With the characterization technique of Field emission scanning electron microscopy (FE-SEM, 

Carl Zeiss Sigma 500) we observed the morphology of the epoxy graphene coating samples. 

FE-SEM was used to detect the dispersion morphology and homogeneity of graphene in the 

epoxy resin coating and estimate the compatibility of graphene in the coatings. Before FE-SEM 

observation, for brittleness and reduce toughness, the coating material was solidified and 

vacuum dried. Then for ideal cross-section morphology, the brittle fracture was made under 

mechanical action. 

 

(a)
s 

(b)
s 

(c) (d)
s 

(e)
s 

(f)
s 

(g)
s 
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Raman Spectroscopy 

Raman spectroscopy is used to check the behavior of the vibrational mode of molecules and 

used to determine the numbers of graphene layers in flakes [24]. The characterization was done 

in the visible range of 532 nm with a power of 2.33 eV. Here, we used Raman spectra to 

determine the presence of graphene flakes in the epoxy graphene coating. 

3.2.3 Heat Exchanger Test Rig 

The heat exchanger test rig consists of one cold tank and one hot tank, two centrifugal pumps, 

two flow meters, and four thermo-couples. The 30×30 cm coated plate sample was held 

between acrylic sheets having two inlets and two outlet holes in a counter-flow heat exchanger 

unit as shown in Fig 3.2 (a) and (b). Every specimen experimented with three flow rates i.e 4 

lpm, 6 lpm, and 8 lpm for 30 minutes each. We noted down inlet hot, inlet cold, outlet hot, and 

outlet temperatures every 3 minutes. 

3.2.4 Water Bath 

A digital water bath  (MSW-273) was used to foul the coated plate as shown in fig. 3.2 (c). 

Every coated plate was held in the water bathtub for 7, 14, 21, and 28 days to study the effect 

of degrading on the epoxy-graphene coated plate. 

           
Fig. 3.2 shows (a) heat exchanger test rig (b) acrylic sheet (c) water bath 

3.2.5 Anti-corrosion Performance Test 

To evaluate the anti-corrosion performance potentiodynamic polarization tests were performed 

over the specimens using Gamry 1010T interface as shown in fig 3.3. Polarization studies use 

three-electrode cells consisting of the specimen as a working electrode, Ag/AgCl as a reference 

electrode, and platinum as the counter electrode. All the measurements were made at room 

temperature. Before conducting potentiodynamic polarization, the electrode cell was left for 

(a)
s 

(b)
s 

(c)
s 
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30 minutes in 3.5 wt.% NaCl solution, to attain a stable open circuit potential [25]. Polarization 

curves were obtained at a scan rate of 1mV/sec within a potential range + 5V relative to open 

circuit potential. Corrosion current density (Icorr), Corrosion potential (Ecorr) were obtained from 

this curve using the Tafel extrapolation method including Tafel anodic (βa) and cathodic (βc) 

slope.  

      

Fig 3.3 (a) Gamry 1010T interface (b) Electrode cell 
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s 



16 
 

CHAPTER 4 

Results and Discussions 

4.1 Microscopic Characterization 

The characterization of graphene present in the coating had been done by using 

FE-SEM and Raman spectroscopy. In fig. 4.1 it can be noticed that the graphene 

is present in the epoxy coating sprayed through the HVLP spraying technique. 

The FE-SEM image was captured at 50,000x at an excitation voltage of 20 kV. 

Further, it can be concluded that epoxy-graphene-based coating is easily 

sprayable through the above-mentioned spraying method. Similarly, the graphene 

particles were observed in the Raman spectra at 50x intensified visible range laser 

shown in fig. 4.1. Thus we can say that the Raman spectra result in good 

agreement with the SEM results. 

                                                         

Fig. 4.1 FE-SEM (left image) and Raman (right image) of epoxy-graphene-based coating at 50,000x 

magnification 

4.2 Heat Exchanger  

Experiments were done on a heat exchanger test rig with different rates for 30 minutes for each 

bare steel, nano steel guard, and E.G wt.% 0.3 specimen. All temperature values were obtained 

from the test rig. After observing the temperatures LMTD, effectiveness, and overall heat 

transfer coefficient were calculated. 

 

 

 

Presence of Graphene 
particle in epoxy coating 
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4.2.1 Calculation 

Change in hot temperature: It is the temperature difference between hot fluid at the inlet 

to hot fluid at the outlet. Mathematically, 

∆T୦ = Tଵ − Tଶ      (4.1) 

Where, 

T1 = hot water at the inlet (℃) 

T2 = hot water at the outlet (℃) 

∆Th = change in hot temperature (℃) 

Change in cold temperature: It is the temperature difference between cold fluid at the 

outlet to cold fluid at the inlet. Mathematically, 

∆Tୡ = Tଷ − Tସ      (4.2) 

Where, 

T3 = cold water at the outlet (℃) 

T4 = cold water at the inlet (℃) 

∆Tc = change in cold temperature (℃) 

Surface area: It is the product of the length of the plate and the height of the plate.  

Mathematically, 

Aୱ = L × H      (4.3) 

Where, 

As = surface area of plate (m2) 

L = length of plate (m) 

H = height of plate (m) 

Cross-sectional area: It is the product of the thickness of the plate and the height of the 

plate. 

Mathematically, 

Aୡ = T × H      (4.4) 

Where, 

Ac = cross-sectional area of plate (m2) 
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T = thickness of plate (m) 

H = height of plate (m) 

Rate of heat transfer: It represents that with how much rate heat is being transferred from 

hot fluid to cold fluid and vice versa. 

Mathematically, 

Q୦ = m୦ × C୮୦ × ∆T୦    (4.5) 

Qୡ = mୡ × C୮ୡ × ∆Tୡ     (4.6) 

Where, 

Qh = heat transfer from hot fluid (W) 

Qc = heat transfer from cold fluid (W) 

mh = mass flow rate of hot water (kg/s) 

mc = mass flow rate of cold water (kg/s) 

Cph = specific heat of hot water (kJ/kgK) 

Cpc = specific heat of cold water (kJ/kgK) 

Log mean temperature difference: It is a parameter that takes into account the variation 

of temperature difference with respect to the direction of the fluid. By averaging the variation 

all along the length of the heat exchanger from inlet to exit. With an increase in LMTD, the 

heat transfer rate is more. 

Mathematically, 

LMTD =
(୘భି୘ర)ି(୘మି୘య)

 ୪୬((୘భି୘ర)/(୘మି୘య))
    (4.7) 

Where, 

LMTD = log mean temperature difference 

Overall heat transfer coefficient: This parameter considers all the modes of heat 

transfer in a single entity. 

Mathematically, 

U =
୕ౙ

୅౩ × ୐୑୘ୈ
      (4.8) 

Where, 
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U = overall heat transfer coefficient (kW/m2K) 

Heat transfer effectiveness: It is defined as the ratio between the actual heat transfer rate 

taking place between hot and cold fluid and the maximum possible heat transfer rate that can 

occur between them. 

Mathematically, 

ε =
୕ౙ

൫୫×େ౦൯
ౣ౟౤

×(୘భି୘య)
     (4.9) 

Where, 

ε = heat transfer effectiveness 

4.2.2 Bare steel  

From fig. 4.2 (a) initially a drop of ~3% was seen in the LMTD as the flow rate increased from 

4 lpm to 8 lpm. Further, the fall in the LMTD with respect to flow rate results in the ~18% 

decrease in heat transfer effectiveness of the system. Similarly, after 7 days of exposure LMTD 

and heat transfer effectiveness decreases ~3% and ~30% respectively as shown in fig. 4.2 (b). 
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Fig. 4.2 shows (a) bare steel initial day (b) bare steel after 7 days (c) bare steel after 14 days (d) bare steel after 

21 days (e) bare steel after 28 days 

From fig. 4.2 (c) a fall of ~5% and ~20% in LMTD and heat transfer effectiveness was observed 

after 14 days of exposure. Further, again after 21 days of exposure, a decrease in LMTD and 

heat transfer effectiveness was seen as shown in fig. 4.2 (d).  In fig. 4.2 (e), a similar behavior 

was observed in both heat transfer effectiveness and LMTD after 28 days of exposure. Thus it 

can be concluded from the results that the decrease in heat transfer effectiveness might be due 

to the presence of a scaling layer over the surface of the specimen after several days of 

exposure, and hence due to this decrease in heat transfer effectiveness LMTD also decreases.  

4.2.3 Steel guard  

In fig. 4.3 (a) initially, LMTD decreases by ~10%, and heat transfer effectiveness decreases by 

~25% with the increase in mass flow rate. Further, in fig. 4.3 (b) after 7 days of exposure, it 

was observed that LMTD and heat transfer effectiveness reduces by ~3% and ~21%. After 14 

days of exposure the drop of ~17% and ~6% in the heat transfer effectiveness and LMTD, 

which is evident from fig. 4.3 (c). Here, in fig. 4 (d) and (e) a similar downtrend was observed 

in both LMTD and heat transfer effectiveness. The variation in LMTD in heat transfer 

effectiveness results shows the presence of the scaling layer due to which both get decreased.  
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Fig. 4.3 shows (a) Steel guard initial day (b) Steel guard after 7 days (c) Steel guard after 14 days (d) Steel 

guard after 21 days (e) Steel guard after 28 days 

 4.2.4 Epoxy-Graphene wt.% 0.3 

From fig. 4.4 (a) initially a fall of ~3% was seen in the LMTD as the flow rate increased from 

4 lpm to 8 lpm. Further, the fall in the LMTD with respect to flow rate results in the ~45% drop 
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in heat transfer effectiveness of the system. Similarly, after 7 days of exposure LMTD and heat 

transfer effectiveness decreases ~2% and ~41% respectively as shown in fig. 4.4 (b). 

4 6 8
60.2

60.4

60.6

60.8

61.0

61.2

61.4

61.6

61.8

62.0

62.2
 

 LMTD
 Effectiveness

Flow rate (lpm)

L
M

T
D

0.025

0.030

0.035

0.040

0.045

0.050

 E
ff

ec
ti

ve
ne

ss

(a)

4 6 8

62.0

62.2

62.4

62.6

62.8

63.0
 LMTD
 Effectiveness

Flow rate (lpm)
L

M
T

D

0.024

0.026

0.028

0.030

0.032

0.034

0.036

0.038

0.040

0.042

0.044

 E
ff

ec
ti

ve
n

es
s

(b)

 

4 6 8
60.5

60.6

60.7

60.8

60.9

61.0

61.1

61.2
 LMTD
 Effectiveness

Flow rate (lpm)

L
M

T
D

0.020

0.025

0.030

0.035

0.040

0.045

 E
ff

ec
ti

ve
ne

ss

(c)

4 6 8
58.5

59.0

59.5

60.0

60.5

61.0

61.5

62.0

62.5  LMTD
 Effectiveness

Flow rate (lpm)

L
M

T
D

(d)

0.022

0.024

0.026

0.028

0.030

0.032

0.034

0.036

0.038

0.040

0.042

 E
ff

ec
ti

ve
n

es
s

 

4 6 8

52.5

52.6

52.7

52.8

52.9

53.0

53.1

53.2

53.3  LMTD
 Effectiveness

Flow rate (lpm)

L
M

T
D

0.020

0.022

0.024

0.026

0.028

0.030

0.032

0.034

0.036

0.038

0.040

 E
ff

ec
ti

ve
n

es
s

(e)

 

Fig. 4.4 shows (a) E.G wt.% 0.3 initial day (b) E.G wt.% 0.3 after 7 days (c) E.G wt.% 0.3 after 14 days (d) E.G 

wt.% 0.3 after 21 days (e) E.G wt.% 0.3 after 28 days 

From fig. 4.4 (c) a fall of ~1% and ~45% in LMTD and heat transfer effectiveness was observed 

after 14 days of exposure. Further, again after 21 days of exposure, a decrease in LMTD and 
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heat transfer effectiveness was seen as shown in fig. 4.4 (d).  In fig. 4.4 (e), a similar behavior 

was observed in both heat transfer effectiveness and LMTD after 28 days of exposure. 

4.3 Electrochemical Corrosion Testing 

Potentiodynamic tests were performed to find out the effect of corrosion on the specimen. This 

technique involves the change in potential of the working electrode and monitoring the current 

produced with respect to the change in potential of the working electrode which is the function 

of applied potential. After performing the polarization test, the polarization curve was plotted 

and electrochemical parameters like Ecorr, Icorr, βa and βc were calculated using the Tafel 

extrapolation method. In fig. 4.5 (a), it was observed that with respect to applied voltage 

corrosion current density rises to a certain extent and then suddenly drops when the applied 

potential becomes zero, further rising as the voltage increases. This phenomenon occurs as the 

corrosion current density is the function of applied voltage. Similar behavior was observed in 

fig. 4.5 (b) and (c) which help to find out the electrochemical parameters. 
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     Fig. 4.5 shows the polarization curves for (a) bare steel (b) steel guard (c) epoxy graphene wt.% 0.3 
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Table 4.1. Electrochemical parameters 

Material 
Icorr  

(µA cmଶ⁄ ) 
Ecorr  

(mV) 
βa βc 

Rp 
(Ω cmଶ⁄ ) 

C.R 
(mm year)⁄  

Bare Steel 4.372×10-5 -0.19100 1.65×10-4 1.7×10-4 0.83159 1.16×10-2 

Steel Nano 
guard 

5.0767×10-5 -0.15183 0.0012250 0.0012127 5.21235 1.34×10-2 

E.G 0.3% -2.0259×10-4 0.17822 -4.75×10-4 -0.0535 1.00911 -5.57×10-2 

The electrochemical parameters like Ecorr, Icorr, βa, βc, Rp, and C.R are listed in Table 4.1. The 

corrosion rate for bare steel is higher than the coating which shows that the bare steel is more 

easily corroded in nature than the epoxy graphene coating. The polarization resistance of epoxy 

graphene coating is better than steel nano guard coating. The steel guard coating layer vanished 

when came into contact with the chemical media, therefore, resulting in a high corrosion rate. 

Graphene is anti-corrosive due to which the incorporation of graphene in epoxy coatings 

exhibits excellent performance when compared to bare steel and steel guard. The Tafel 

extrapolation method was used to calculate the Polarization resistance (Rp) and corrosion rate 

(C.R.) with the help of equations given below [26]. 

R୮ =
ஒ౗×ஒౙ

ଶ.ଷ଴ଷ×(ஒ౗ାஒౙ)×୍ౙ౥౨౨
    (4.10) 

 

C. R =
ଷ.ଶ଻×୍ౙ౥౨౨×(୉.୛)

ୈ
     (4.11) 

Where, 

Rp   =  Polarization resistance 

C.R. = Corrosion rate 

βa     = Tafel anodic 

βc    = Tafel cathodic 

Icorr  = Corrosion current density 

E.W. = Equivalent weight 

D     = Density 

 

 

 

 

 



25 
 

CHAPTER 5 

Conclusion and Future Scope 

5.1 Conclusion 

The heat transfer effectiveness and anti-corrosion performance of the specimens have been 

using a heat exchanger unit, electrochemical study, Raman, and FE-SEM analysis. From the 

above experimental and theoretical results, it has been concluded that: 

1. In experimental results, it was seen that the heat transfer effectiveness of epoxy-

graphene composite coating is reduced by 27 % and 20% respectively as compared to 

the bare steel and steel guard. It is also observed from electrochemical corrosion studies 

that in the long run epoxy graphene coated specimen exhibits anti-corrosive properties 

due to the presence of graphene.  

2. The characterization studies like FE-SEM and Raman spectroscopy reveals the uniform 

distribution of graphene in the coated specimen. This confirmed that the spray coating 

technique is appropriate and cost effective method as compare to other popular 

techniques. 

3. Higher resistance lowers the corrosion rate. In the electrochemical corrosion test, 

polarization resistance of epoxy-graphene wt.% 0.3 coating seems to be ~18% higher 

than the bare steel, concluding that the corrosion rate of the epoxy-graphene wt.% 0.3 

coating is lesser than the base material. 

4. It was also concluded that through polarization studies that the corrosion rate of epoxy-

graphene wt.% 0.3 coating and bare steel is -5.57×10-2 mm/year and 1.16×10-2 

mm/year, respectively, which shows that the epoxy graphene-coated specimen 

exhibited excellent anti-corrosive properties. 

5.2 Future Scope 

1. Study of variation of graphene wt. % in an epoxy matrix.  

2. Studying the effects of graphene by changing graphene flakes like graphene oxide and 

reduced graphene oxide. 

3.  Studying the anticorrosion behavior of the specimen using different electrochemical 

techniques like electrochemical impedance spectroscopy, cyclic voltammetry, DC 

corrosion, etc. 
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Appendix A: Bare Steel Data 
Initial day 

Table 1: Flow Rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.7 62 17.4 25.7 

3 76.1 66.9 18.1 27 

6 78.1 68.8 19.4 28.8 

9 78.9 69.1 20.3 29.6 

12 79.8 69.9 21 30.2 

15 80.4 70.9 21.3 31 

18 80.9 71.3 21.7 31.1 

21 81.4 72.1 22 31.6 

24 81.7 72.2 22.2 31.8 

27 82.1 72.5 22.3 31.8 

30 82.5 72.6 22.4 31.9 

LMTD = 50.4 ℃, U = 10.51 kW/m2K, ϵ = 0.158 

Table 2: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 64.3 19.7 25.9 

3 76.4 69 20.4 28 

6 76.9 69.7 21.3 28.8 

9 77.1 69.8 21.9 29.1 

12 77.2 69.8 22.3 29.4 

15 77.6 70.3 22.7 29.9 

18 77.6 70.5 22.9 30.2 

21 77.7 70.6 22.9 30.2 

24 77.9 70.7 23.1 30.4 

27 78.1 70.7 23.2 30.4 

30 78.3 70.7 23.3 30.4 

LMTD = 47.65 ℃, U = 12.46 kW/m2K, ϵ = 0.129 

 

 

 

 



 
 
 

Table 3: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 65.3 16.4 23.2 

3 74.8 68.8 17.7 24.6 

6 74.8 69.1 21.1 27.4 

9 74.8 69.1 22.5 28.6 

12 74.8 69.1 23 28.9 

15 74.8 69.1 23.3 29.2 

18 74.8 69.1 23.5 29.3 

21 74.8 69.1 23.5 29.4 

24 74.8 69.1 23.5 29.4 

27 74.8 69.1 23.5 29.4 

30 74.8 69.1 23.5 29.4 

LMTD = 45.5 ℃, U = 14.46 kW/m2K, ϵ = 0.115 

7 days fouled 

Table 4: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 63.9 20.8 27.2 

3 79.7 71.3 20.9 29.3 

6 81.5 73 21.4 29.8 

9 82.5 74.4 21.7 30.6 

12 83.3 75 21.7 30.8 

15 83.9 75.2 22 30.9 

18 84.4 75.2 22.9 31.5 

21 84.8 75.7 23.1 31.9 

24 85.8 76.3 23.1 31.9 

27 86.4 77.4 23.1 31.9 

30 86.4 77.4 23.2 31.9 

LMTD = 54.35 ℃, U = 8.92 kW/m2K, ϵ = 0.137 

 

 

 

 



 
 
 

Table 5: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 62.3 20 25.4 

3 76.5 65.4 20.5 26 

6 77.8 67.6 21.1 26.5 

9 79 68.1 21.7 27.1 

12 80.6 69.2 22.1 27.6 

15 81.7 70.1 22.5 28.1 

18 82.5 71.2 22.7 28.6 

21 83 72.4 22.9 29 

24 83.4 73.3 23.1 29.4 

27 83.9 74.5 23.1 29.9 

30 84.3 75.2 23.2 30 

LMTD = 53.14 ℃, U = 10.7 kW/m2K, ϵ = 0.111 

Table 6: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 62.1 19.8 25.2 

3 74.6 65.3 20.5 26.1 

6 75.7 66.4 21 26.6 

9 76.3 67.3 21.4 27.1 

12 77.2 68.2 21.9 27.5 

15 78.1 69.2 22.3 27.9 

18 79.1 70.3 22.7 28.3 

21 80.2 71.2 23 28.7 

24 81.3 72.3 23.1 29.4 

27 82.5 73.4 23.2 29.8 

30 83.9 74.8 23.2 29.9 

LMTD = 52.79 ℃, U = 14.15 kW/m2K, ϵ = 0.11 

 

 

 

 

 

 

 



 
 
 

14 days fouled 

Table 7: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 62.9 19.8 26.2 

3 73.5 65.7 20.6 26.8 

6 74.6 66.9 21.3 27.4 

9 75.9 68 21.8 27.9 

12 77 68.9 22.2 28.5 

15 78.6 70.1 22.5 28.9 

18 79.8 72.2 22.9 29.6 

21 81.1 73.5 23.1 30 

24 82.4 74.4 23.4 30.4 

27 83.4 75.5 23.4 30.7 

30 84.5 76.4 23.5 31 

LMTD = 53.2 ℃, U = 7.86 kW/m2K, ϵ = 0.122 

Table 8: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 61.9 19.7 24.4 

3 73.4 64.5 20.5 25.3 

6 74.7 65.4 20.9 25.7 

9 75.8 66.6 21.4 26.4 

12 76.9 67.8 21.9 26.8 

15 78.4 68.5 22.3 27.5 

18 79.5 69.4 22.7 28.1 

21 80.7 70.2 23.1 28.9 

24 81.6 71 23.6 29.5 

27 82.7 71.6 24.1 29.9 

30 83.9 72.4 24.3 30.4 

LMTD = 50.75 ℃, U = 10.05 kW/m2K, ϵ = 0.102 

 

 

 

 



 
 
 

Table 9: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 61.8 19.9 24.9 

3 73.2 64.4 20.6 25.2 

6 74.6 65.3 21 25.6 

9 75.6 66.5 21.5 26.3 

12 76.7 67.6 21.8 26.9 

15 78.5 68.3 22.2 27.6 

18 79.4 69.3 22.9 28 

21 80.6 70.4 23.1 28.7 

24 81.7 71.2 23.5 29.4 

27 82.6 71.9 24.1 30 

30 83.5 72.5 24.5 30.5 

LMTD = 50.46 ℃, U = 13.26 kW/m2K, ϵ = 0.101 

After 21 days 

Table 10: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.4 62.7 19.7 25.4 

3 73.4 65.2 20.1 26.6 

6 74.8 66.3 20.5 27.1 

9 75.9 67.6 20.9 27.5 

12 77 68.8 21.3 28 

15 78.1 70 21.7 28.6 

18 79.4 71.8 22.1 29.2 

21 80.2 72.7 22.5 29.3 

24 81.3 73.6 22.8 29.8 

27 82.4 74.5 23.1 30.3 

30 83.5 75.4 23.2 30.5 

LMTD = 52.6 ℃, U = 7.74 kW/m2K, ϵ = 0.121 

 

 

 

 



 
 
 

Table 11: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 61.9 19.7 24.4 

3 74.6 64.2 20.2 26.1 

6 75.3 65.4 20.6 26.5 

9 76.5 66.5 21 27 

12 77.7 67.8 21.4 27.6 

15 79 69 21.9 28.4 

18 79.9 70.1 22.3 28.9 

21 80.2 71.3 22.8 29 

24 81.3 72.4 23.5 29.5 

27 82.5 73.3 23.9 30.1 

30 83.7 74.3 24.2 30.3 

LMTD = 51.01 ℃, U = 9.86 kW/m2K, ϵ = 0.102 

Table 12: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.7 62.1 20.1 23.7 

3 74.5 65.3 20.6 25.6 

6 75.4 66.1 21.5 26 

9 76.5 67.2 21.9 26.1 

12 77.3 68.2 22.4 26.7 

15 78.2 69.1 22.9 27.3 

18 79.4 70 23.3 28.1 

21 80.3 70.9 23.7 28.6 

24 81.2 71.5 24.3 29.5 

27 82.2 71.9 24.5 30.1 

30 83.3 72.3 24.6 30.4 

LMTD = 50.26 ℃, U = 12.87 kW/m2K, ϵ = 0.098 

 

 

 

 

 

 

 

 

 



 
 
 

After 28 days 

Table 13: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 62.8 20.1 25.3 

3 73.6 65.3 20.5 26.5 

6 74.7 66.4 20.9 27.2 

9 75.8 67.7 21.3 27.4 

12 77.1 68.9 21.7 28.1 

15 78.2 70.1 22.1 28.5 

18 79.3 71.2 22.5 29.3 

21 80.4 72.8 22.8 29.4 

24 81.3 73.7 23 29.7 

27 82.4 74.6 23.2 30.2 

30 82.5 76.4 23.3 30.4 

LMTD = 52.6 ℃, U = 7.53 kW/m2K, ϵ = 0.119 

Table 14: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 61.8 19.6 24.3 

3 74.5 64.3 20.1 26 

6 75.2 65.5 20.5 26.6 

9 76.6 66.5 21.1 27.1 

12 77.6 67.7 21.4 27.7 

15 78.9 69.1 21.8 28.3 

18 80 70.2 22.2 28.8 

21 80.3 71.4 22.8 29.1 

24 81.4 72.5 23.6 29.6 

27 81.9 73.4 24 30 

30 82.4 76.3 24.5 30.4 

LMTD = 51.9 ℃, U = 9.51 kW/m2K, ϵ = 0.101 

 

 

 

 

 



 
 
 

Table 15: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 62.2 20.1 23.7 

3 74.4 66.2 20.6 25.6 

6 75.3 67.3 21.5 26 

9 76.5 68.2 21.9 26.1 

12 77.2 69.2 22.4 26.7 

15 78.3 70.1 22.9 27.3 

18 79.3 71.9 23.3 28.1 

21 80.4 72.5 23.7 28.6 

24 81 73.6 24.3 29.5 

27 82.2 74.8 24.5 30.1 

30 82.6 76.5 25.4 30.9 

LMTD = 51.4 ℃, U = 11.93 kW/m2K, ϵ = 0.096 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

Appendix B: Nano-Steel Guard 

Initial days 

Table 18: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 62.1 17.3 25.6 

3 76 66.8 18.1 27.1 

6 78 68.7 19.2 28.5 

9 78.8 69.2 20.1 28.9 

12 79.7 70 21.1 29.3 

15 80.3 70.9 21.2 29.9 

18 80.8 71.4 21.8 31 

21 81.3 72.2 22 31.3 

24 81.6 72.3 22.3 31.5 

27 82 72.4 22.4 31.6 

30 82.3 72.5 22.5 31.9 

LMTD = 50.51 ℃, U = 10.35 kW/m2K, ϵ = 0.155 

Table 19: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 64.4 19.6 25.8 

3 76.3 69.1 20.3 28.1 

6 76.8 69.7 21.2 28.7 

9 77 69.9 21.8 29 

12 77.3 70.1 22.2 29.5 

15 77.6 70.3 22.5 30 

18 77.7 70.6 22.8 30.3 

21 77.8 70.7 23 30.3 

24 77.9 70.7 23.2 30.5 

27 78.2 70.8 23.4 30.5 

30 78.4 70.8 23.5 30.5 

LMTD = 47.6 ℃, U = 12.31 kW/m2K, ϵ = 0.127 

 

 

 

 

 



 
 
 

 

Table 20: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.4 65.4 16.3 23.1 

3 75.1 68.9 17.5 24.5 

6 75.1 69.3 20.9 27.3 

9 75.1 69.3 22.6 28.5 

12 75.1 69.3 23.1 28.8 

15 75.1 69.3 23.4 29.1 

18 75.1 69.3 23.6 29.4 

21 75.1 69.3 23.6 29.5 

24 75.1 69.3 23.6 29.5 

27 75.1 69.3 23.6 29.5 

30 75.1 69.3 23.6 29.5 

LMTD = 45.65 ℃, U = 14.41 kW/m2K, ϵ = 0.114 

After 7 days 

Table 21: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.4 64 20.9 27.1 

3 79.6 71.4 21 29.2 

6 81.4 73.1 21.5 29.9 

9 82.4 74.4 21.6 30.7 

12 83.4 75.1 21.8 30.8 

15 84 75.3 22.1 31 

18 84.5 75.5 22.5 31.4 

21 84.9 75.7 22.9 31.6 

24 85.9 76.2 23.1 31.7 

27 86.5 77.3 23.2 31.9 

30 86.5 77.3 23.3 31.9 

LMTD = 54.3 ℃, U = 8.83 kW/m2K, ϵ = 0.136 

 

 

 

 

 

 

 



 
 
 

 

Table 22: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.7 62.3 20 25.3 

3 76.6 65.5 20.4 26.1 

6 77.9 67.7 20.9 26.4 

9 79.1 68.2 21.5 27 

12 80.5 69.3 22 27.5 

15 81.6 70.2 22.5 28 

18 82.6 71.3 22.8 28.5 

21 83.1 72.5 23 29.1 

24 83.5 73.4 23.1 29.4 

27 84 74.6 23.2 29.8 

30 84.4 75.3 23.4 30.1 

LMTD = 53.09 ℃, U = 10.55 kW/m2K, ϵ = 0.112 

Table 23: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.4 62 19.9 25.3 

3 74.5 65.4 20.6 26.2 

6 75.8 66.5 21.1 26.6 

9 76.2 67.3 21.5 27.2 

12 77.1 68.3 22 27.6 

15 78.2 69.3 22.4 28 

18 79 70.3 22.8 28.9 

21 80.3 71.3 23.1 28.6 

24 81.4 72.3 23.2 29.3 

27 82.4 73.4 23.2 29.7 

30 84 74.9 23.3 30 

LMTD = 52.8 ℃, U = 13.95 kW/m2K, ϵ = 0.108 

 

 

 

 

 



 
 
 

 

After 14 days 

Table 24: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 62.8 19.7 26.3 

3 73.6 65.8 20.5 26.9 

6 74.6 67 21.2 27.5 

9 76 67.9 21.9 28 

12 77.1 68.9 22.3 28.6 

15 78.5 70 22.6 29 

18 79.9 72.1 23 29.7 

21 81.2 73.4 23.2 30.1 

24 82.5 74.5 23.5 30.5 

27 83.5 75.5 23.6 30.8 

30 84.6 76.5 23.7 31.1 

LMTD = 53.15 ℃, U = 7.76 kW/m2K, ϵ = 0.121 

Table 25: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 62 19.6 24.5 

3 73.4 64.4 20.4 25.3 

6 74.8 65.3 21 25.6 

9 75.7 66.5 21.4 26.3 

12 77 67.7 22 26.7 

15 78.5 68.4 22.4 27.4 

18 79.6 69.5 22.8 28.2 

21 80.8 70.3 23.2 28.8 

24 81.5 71.1 23.7 29.6 

27 82.6 71.7 24.2 30 

30 83.5 72.5 24.5 30.5 

LMTD = 50.5 ℃, U = 9.94 kW/m2K, ϵ = 0.101 

 

 

 

 

 

 



 
 
 

 

Table 26: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 61.9 20 25 

3 73.3 64.3 20.7 25.3 

6 74.5 65.4 21.1 25.7 

9 75.5 66.5 21.6 26.4 

12 76.8 67.5 21.9 27 

15 78.6 68.2 22.3 27.5 

18 79.3 69.4 23 28.1 

21 80.5 70.5 23.2 28.6 

24 81.8 71.3 23.6 29.3 

27 82.5 72 24.1 30.1 

30 83.4 72.6 24.6 30.6 

LMTD = 50.37 ℃, U = 13.08 kW/m2K, ϵ = 0.1 

After 21 days 

Table 27: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 62.6 19.8 25.5 

3 73.5 65.3 20.2 26.7 

6 74.7 66.2 20.6 27 

9 76 67.5 21 27.4 

12 76.9 68.7 21.4 27.9 

15 78.2 70.1 21.7 28.4 

18 79.5 71.9 22 29 

21 80.2 72.6 22.4 29.4 

24 81.4 73.7 22.7 29.9 

27 82.5 74.6 23 30.4 

30 83.4 75.6 23.3 30.5 

LMTD = 52.7 ℃, U = 7.63 kW/m2K, ϵ = 0.119 

 

 

 

 



 
 
 

 

Table 28: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 61.8 20.1 24.3 

3 74.5 64.1 20.5 26 

6 75.2 65.3 21.1 26.6 

9 76.4 66.6 21.5 27.1 

12 77.6 67.9 22 27.5 

15 79 69 22.4 28.5 

18 79.8 70 22.7 29 

21 80.3 71.2 23.4 29.2 

24 81.4 72.3 23.8 29.6 

27 82.4 73.2 24.2 29.9 

30 83.6 74.2 24.4 30.3 

LMTD = 50.53 ℃, U = 9.58 kW/m2K, ϵ = 0.099 

Table 29: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 62 20 25.7 

3 74.4 65.4 20.7 26.1 

6 75.4 66 21.6 26.3 

9 76.4 67.3 22 26.8 

12 77.5 68.3 22.5 27.4 

15 78.1 69 23 28 

18 79.5 70.1 23.4 28.5 

21 80.4 70.8 23.8 29 

24 81.3 71.4 24.4 29.5 

27 82.3 72 24.6 30.2 

30 83.3 72.4 24.7 30.4 

LMTD = 50.26 ℃, U = 12.65 kW/m2K, ϵ = 0.097 

 

 

 

 



 
 
 

 

After 28 days 

Table 30: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 62.7 20 25.2 

3 73.5 65.4 20.6 26.6 

6 74.6 66.5 21 27.3 

9 75.7 67.8 21.4 27.5 

12 77.2 69 21.8 28 

15 78.3 70 22 28.6 

18 79.4 71.1 22.4 29.4 

21 80.5 72.7 22.9 29.6 

24 81.2 73.6 23.1 29.8 

27 82.4 74.7 23.3 30.3 

30 82.6 76.5 23.6 30.4 

LMTD = 51.9 ℃, U = 7.36 kW/m2K, ϵ = 0.119 

Table 31: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.6 61.9 19.7 24.4 

3 74.4 64.4 20.2 26.1 

6 75.3 65.6 20.6 26.7 

9 76.7 66.6 21.2 28.1 

12 77.5 67.8 21.5 27.8 

15 79 69.2 21.9 28.2 

18 80.1 70.3 22.3 28.9 

21 80.4 71.5 22.9 29.2 

24 81.5 73.5 23.7 29.7 

27 82 73.5 24.2 30 

30 82.5 76.2 24.6 30.3 

LMTD = 51.48 ℃, U = 9.19 kW/m2K, ϵ = 0.098 

 

 

 

 

 

 



 
 
 

 

Table 32: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 62.3 20.2 23.8 

3 74.3 66.3 20.7 25.7 

6 75.3 67.4 21.6 26.1 

9 76.6 68.4 22 26.4 

12 77.3 69.2 22.4 26.8 

15 78.4 70.2 23 27.4 

18 79.4 72 23.4 28.2 

21 80.5 72.6 23.8 28.7 

24 81.1 73.7 24.4 29.6 

27 82.3 74.9 24.6 30.2 

30 82.7 76.6 25.5 31 

LMTD = 51.43 ℃, U = 11.92 kW/m2K, ϵ = 0.096 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

 

Appendix C: Epoxy-graphene wt.% 0.3 
Initial days 

Table 33: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 68 63.8 21.1 22.6 

3 75.5 73.1 21.2 23.2 

6 78.2 75.3 21.6 23.7 

9 80 77.5 22.4 24.6 

12 81.7 79.3 22.5 25.3 

15 83.1 80.8 22.7 25.6 

18 84.3 82 22.8 26 

21 85.6 83.2 22.9 26.1 

24 87 84.3 23 26.2 

27 87.9 85.4 23.1 26.4 

30 88.2 85.6 23.2 26.5 

LMTD = 62.05 ℃, U = 2.97 kW/m2K, ϵ = 0.05 

Table 34: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 75 72.8 23 24.3 

3 81.7 80 22.4 24.1 

6 83.5 81.7 21.7 23.5 

9 84.4 82.5 22.8 24.4 

12 85.4 83.2 23.6 25.2 

15 86.1 83.9 24.1 25.8 

18 86.6 84.6 24.5 26.3 

21 87.2 84.9 24.5 26.5 

24 87.8 85.4 24.5 26.6 

27 88.2 85.8 24.5 26.7 

30 88.4 86.2 24.5 26.7 

LMTD = 61.01 ℃, U = 3.12 kW/m2K, ϵ = 0.035 

 

 

 

 

 



 
 
 

 

 

Table 35: Flow rate 8 

Time 

(min) 
T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.4 68.2 21.2 22.7 

3 77.3 75.8 21.6 23.3 

6 78.9 77.6 22.7 24 

9 80.4 78.8 23.7 24.9 

12 81.6 79.7 23.9 25.4 

15 82.6 80.9 24.2 25.8 

18 83.6 81.9 24.6 26.1 

21 84.5 82.7 24.6 26.2 

24 85.3 83.6 24.6 26.3 

27 85.9 84.2 24.6 26.4 

30 86.7 84.9 24.6 26.3 

LMTD = 60.35 ℃, U = 3.14 kW/m2K, ϵ = 0.027 

After 7 days 

Table 36: Flow rate 4 

Time 

(min) 
T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 71.2 68.5 19.7 21.3 

3 78.2 75.9 19.5 21.8 

6 80.4 77.7 19.7 22 

9 81.8 79.2 20.3 22.9 

12 82.9 80.3 21.1 23.7 

15 83.9 81.6 21.8 24.2 

18 84.9 82.3 22.4 24.8 

21 85.9 83.1 22.7 25.1 

24 86.7 84 22.8 25.2 

27 87.4 84.9 23 25.6 

30 88 85.1 23.1 25.9 

LMTD = 62.9 ℃, U = 2.52 kW/m2K, ϵ = 0.043 

 

 

 



 
 
 

 

 

Table 37: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 76.9 74.2 22.2 23.6 

3 83.5 81.9 22.2 24.1 

6 85 83.4 22.3 24.1 

9 85.8 84.2 22.3 24.2 

12 86 85 22.4 24.3 

15 87.2 85.6 22.5 24.5 

18 87.7 85.9 22.5 24.6 

21 87.9 86 22.5 24.5 

24 87.8 86.1 22.8 24.8 

27 87.9 86.2 22.9 24.9 

30 87.7 86.1 22.9 25.1 

LMTD = 62.45 ℃, U = 2.93 kW/m2K, ϵ = 0.033 

Table 38: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 77.3 75.1 22.7 22.9 

3 83.8 82.5 21.2 23 

6 84.8 83.7 22.3 23.8 

9 85.5 84.4 23.2 24.7 

12 86.1 84.7 23.5 25.2 

15 86.6 85 23.7 25.2 

18 87 85.4 23.7 25.3 

21 87.3 85.8 23.8 25.4 

24 87.7 86.2 24 25.6 

27 88 86.4 24.1 25.7 

30 88 86.5 24.2 25.8 

LMTD = 62.05 ℃, U = 2.87 kW/m2K, ϵ = 0.025 

 

 

 

 

 



 
 
 

 

After 14 days 

Table 39: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 68 66.1 22.5 25.1 

3 75.5 72.9 22.6 25.3 

6 78.2 75.5 22.7 25 

9 80.6 77.9 22.9 25.2 

12 82.3 79.4 23.4 25.8 

15 84 80.9 23.9 26.5 

18 85.2 82.2 24.5 26.9 

21 86.7 83.7 24.7 27.1 

24 87.8 84.7 24.8 27.4 

27 88.3 85.2 25 27.6 

30 88.5 85.5 25.1 27.8 

LMTD = 61.15 ℃, U = 2.49 kW/m2K, ϵ = 0.042 

Table 40: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 71.4 68.7 24.6 26.2 

3 84.2 81.9 24.9 26.7 

6 85.9 83.5 24.5 26.4 

9 87.2 84.9 24.8 26.7 

12 87.9 85.5 25 27 

15 88.3 85.9 25.2 27.2 

18 88.4 86 25.3 27.3 

21 88.4 86.1 25.4 27.3 

24 88.4 86.1 25.3 27.3 

27 88.4 86.1 25.4 27.3 

30 88.5 86.2 25.5 27.4 

LMTD = 60.8 ℃, U = 2.61 kW/m2K, ϵ = 0.03 

 

 

 

 



 
 
 

 

Table 41: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.5 68.2 24.5 25.5 

3 78.8 77.4 24.9 26 

6 81 79.5 23.9 25.4 

9 82.9 81.2 24.8 26.2 

12 84.1 82.3 25.2 26.6 

15 85.6 83.5 25.2 26.8 

18 86.6 85 25.3 27 

21 87.7 85.8 25.4 27.1 

24 88.3 86.6 25.6 27.1 

27 88.4 86.7 25.6 27.2 

30 88.4 86.8 25.7 27.2 

LMTD = 60.6 ℃, U = 2.74 kW/m2K, ϵ = 0.023 

After 21 days 

Table 42: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70 66.6 25.6 27.1 

3 77.2 75.2 25.8 27.4 

6 79.7 77.6 25.9 27.8 

9 81.4 79.3 26.1 28.1 

12 83.3 80.9 26.1 28.3 

15 84.3 81.9 26.2 28.5 

18 85.7 83.2 26.2 28.6 

21 86.7 84.1 26.2 28.7 

24 87.4 84.8 26.2 28.7 

27 87.5 84.9 26.2 28.7 

30 87.6 84.9 26.2 28.7 

LMTD = 62.48 ℃, U = 2.37 kW/m2K, ϵ = 0.04 

 

 

 

 

 



 
 
 

 

 

Table 43: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70 68.7 26.1 27.2 

3 80 78.5 26.5 27.9 

6 82.6 80.9 26.7 28.2 

9 84.2 82.4 26.8 28.4 

12 86 84.1 26.6 28.3 

15 87.2 85.3 26.7 28.4 

18 88.2 86.3 26.7 28.4 

21 88.4 86.6 26.7 28.5 

24 88.5 86.6 26.7 28.5 

27 88.5 86.6 26.8 28.5 

30 88.6 86.7 26.9 28.6 

LMTD = 60.28 ℃, U = 2.51 kW/m2K, ϵ = 0.029 

Table 44: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 70.1 69.1 26.3 27.4 

3 79.4 78.5 26.1 27.3 

6 81.6 80.8 26.1 27.3 

9 83.7 82.7 26.3 27.5 

12 85.2 84.1 26.5 27.8 

15 86.6 85.4 26.5 27.8 

18 87.6 86.6 26.6 27.9 

21 88.4 87.2 26.6 28 

24 89.3 88.1 26.6 28.1 

27 90.4 88.9 26.6 28.1 

30 90.5 89.1 26.6 28.1 

LMTD = 59.05 ℃, U = 2.68 kW/m2K, ϵ = 0.023 

 

 

 

 

 

 

 



 
 
 

 

 

After 28 days 

Table 45: Flow rate 4 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 64.5 62.8 27.5 30.1 

3 71.2 68.9 27.7 30.4 

6 74.1 72.3 28 29.9 

9 76.1 73.7 28 30 

12 76.5 74.9 28.1 30.1 

15 78.9 76.9 28.1 30.1 

18 80.1 78.4 28.1 30.2 

21 81.3 79.2 28.1 30.2 

24 82 80.1 28.1 30.2 

27 82.6 80.5 28.2 30.3 

30 83.1 80.9 28.2 30.3 

LMTD = 53.28 ℃, U = 2.22 kW/m2K, ϵ = 0.038 

Table 46: Flow rate 6 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 65.1 63.7 27.3 29.5 

3 71.7 70.2 27.9 30.1 

6 74.2 72.8 28.1 29.7 

9 77.1 75.3 28.1 29.7 

12 78.6 77.1 28.2 29.8 

15 80.3 78.3 28.2 29.8 

18 81.3 79.7 28.2 29.8 

21 81.9 80.3 28.1 29.8 

24 82.6 80.8 28.2 29.8 

27 83.1 81.3 28.3 29.9 

30 83.3 81.5 28.4 29.9 

LMTD = 52.79 ℃, U = 2.35 kW/m2K, ϵ = 0.027 

 

 

 

 

 

 



 
 
 

 

 

Table 47: Flow rate 8 

Time (min) T1 (℃) T2 (℃) T3 (℃) T4 (℃) 

0 65.2 63.4 28.1 29.1 

3 70.5 69.5 28.3 29.4 

6 73.2 72.3 28.3 29.4 

9 75.9 74.7 28.2 29.3 

12 77.5 76.5 28.2 29.3 

15 78.8 77.4 28.2 29.3 

18 79.9 78.7 28.1 29.3 

21 80.7 79.3 28.2 29.3 

24 81.3 80.1 28.1 29.2 

27 81.6 80.4 28 29.2 

30 81.8 80.6 28.1 29.2 

LMTD = 52.55 ℃, U = 2.55 kW/m2K, ϵ = 0.022 
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