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ABSTRACT 

 
Heat transfer equipment has been used for exchange and recovery of heat in many 

industrial and domestic applications. Since last few decades, there has been continuous 

efforts to develop a design of heat exchanger that can result in reduction in operating cost 

(energy consumption) as well as material and other cost saving. Heat transfer enhancement 

techniques generally reduce the thermal resistance either by increasing the effective heat 

transfer surface area or by generating turbulence. Tube in tube heat exchanger is one of the 

widely used heat exchanger due to its simple construction and operation. In tube-tube heat 

exchanger geometries like twisted tapes, winglets, vertex generators, etc are normally 

placed inside inner tube of heat exchanger to enhance heat transfer rate. In tube - tube heat 

exchanger both the pipes are cylindrical. In this research, outer cylindrical tube of ordinary 

concentric tube heat exchanger has been replaced by conical tube instead of any geometry 

placed inside inner tube. Ratio of inlet diameter to outlet diameter of outer pipe represented 

as diameter ratio. Four outer tube of diameter ratio 1 (straight), 0.882, 0.741 and 0.612 

have been analyzed in this research. Numerical analysis of cylindrical shell (straight) and 

conical shells (Continuous decreasing annulus space) heat exchanger has been carried out 

to evaluate effect of conical shape on heat transfer rate considering different Nusselt 

number correlations for annulus flow. In numerical analysis, overall heat transfer 

coefficients have been calculated considering various Nusselt number correlations. Results 

of numerical analysis represent, the overall heat transfer coefficient for conical shape heat 

exchanger is higher than cylindrical shape heat exchanger. For experimental investigation, 

new conical tubes of above mentioned diameter ratios have been constructed by epoxy 

resin and glass fiber. Experiments were carried out for conical tube heat exchanger of 

length 1 meter. The flow rate of water for inner tube considered 1 LPM and for outer 

conical tube 1 LPM to 7 LPM. During experiment, temperature and flow rate have been 

measured. From measured data, the overall heat transfer coefficient and heat transfer rate 

calculated. The heat transfer results of conical tubes were analyzed and compared with the 

results of cylindrical tubes. Results revealed that the rate of heat transfer decreases as the 

diameter ratio increases and increases with flow rate. Results revealed a rise of heat 

transfer rate up to 22%. Linear and non-linear correlations for heat transfer rate were 

developed for water flowing through outer conical tubes. This correlation shows relation of 

heat transfer rate with diameter ratio and flow rate of water in outer shell. Results from 



 

xii 
 

derived correlations are in good agreement with experimental results. Exergy analysis of 

tube - tube heat exchanger has been carried out based on second law analysis. In exergy 

analysis total entropy generation, entropy generation number and exergy destruction 

number have been calculated for all the configuration of experiment. When NE <1, system 

is optimized. It was observed that exergy destruction number was more than 1 and 

increases with taper of conical shape which represents non-favorable condition. 
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CHAPTER 1  

Introduction 

1.1 Heat transfer, Heat exchanger and Heat transfer enhancement 
techniques 

Heat transfer is a subset of thermal engineering concerned with thermal 

energy exchange between two substances due to temperature difference. As per the 

first law of thermodynamics, it flows from higher temperature to lower 

temperature. Heat transfer equipment uses principles of heat transfer to perform a 

specific task.  

Heat transfer equipment have been used for the exchange and recapture of 

thermal energy in many commercial and household applications. Few industrial 

applications, i.e., boiling of liquid and condensation of steam in power plants, 

heating and cooling of milk products, heat recovery system, processing of fruit 

juice as well as raw fruit in food industries, heat transfer processes involved in 

chemical and pharmaceutical industries, power plant’s vapor condensation process, 

liquid heating in the concentrated solar collector and cooling of the electronic 

devices and electrical equipment among others. Enhancing the effectiveness of a 

heat exchanging device is therefore of prime interest since it can result in saving 

energy, material and cost.  

Heat transfer enhancement techniques have been applied to improve the 

heat transfer characteristics. It has been achieved by reducing thermal resistance 

which is inversely proportional to effective surface area & turbulence of fluid. So, 

heat transfer enhancement methods generally decrease the thermal resistance either 

by increasing the effective heat exchange surface area or  generating a disturbance 

in the fluid flowing inside the device. The majority of heat transfer improvement 

methods focus on either reducing thermal resistance by using fins/rough surfaces 

for improving the effective surface area or generating turbulence within the fluid by
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 using inserts, winglets, turbulators, etc.[1]. These changes are usually coming 

together with an increase in pumping power, which can result in higher operating 

costs. Two types of enhancement techniques have been used: 1) Passive heat 

transfer enhancement techniques and 2) Active heat transfer enhancement 

techniques.  

1.2 Motivation 

Exceeding interest in heat recovery in the processing industries has attracted 

the development of new heat exchanger technology employing heat transfer 

improvement techniques. The demand from industries for heat exchanger with high 

effectiveness with less space and material attracted researchers to study of 

enhanced heat transfer. Heat transfer enhancement affecting the performance of the 

whole system in which the heat exchanger is a part of the system. Heat transfer 

augmentation techniques can be as basic as the manipulation of the fluid velocity 

inside a tube or as complex as the development of new surface geometries and 

profiles or the design inserts in the case of tubular shape geometries. It was 

observed that the improvements achived in the heat transfer augmentation are the 

same as the characteristics of the compact heat exchangers. 

In heat-actuated systems, three possible advantages exist:  

 The heat exchange surface area can be decreased for fixed operating 

temperatures. 

 The heat transfer capacity can be increased with the same surface 

area. 

 The log mean temperature difference (LMTD) can be decreased for 

a given surface area with the thermodynamic performance of the 

system can be improved. 

The examples mentioned above show that improvement techniques in heat 

transfer can benefit processes associate with heat exchangers in many ways. Each 

technique chosen has its own advantages, limitations and disadvantages, and their 

benefits cannot be compared directly. Nevertheless, their potential is remarkable.



Thesis Scope 

3 
 

The selection of a proper enhancement technique must take into 

consideration the type of the fluid stream(s) involved. For example, some 

enhancement methods involving fine surface features which are in favor of 

contaminant and this could reduce the performance of the heat exchanger. In some 

techniques, the pressure loss is higher and as highlighted earlier, active methods 

required an extra power supply. 

Any heat transfer improvement technique must improve the heat transfer 

coefficient and could reduce the heat transfer area for the same amount of heat 

transfer in a new design. Alternatively, enhanced techniques will increase the heat 

transfer capacity of existing exchangers. 

1.3 Thesis Scope 

The tube-tube heat exchanger is one of the most commonly used heat 

exchangers in industries. This type of heat exchanger is mostly used to exchange 

heat between liquids. The tube in tube heat exchanger has two concentric tubes 

with a cylindrical shape. The main focus of the present study was to change the 

outer cylindrical shell with a conical shape shell and analyze its effect on heat 

transfer characteristics and impact on the performance of the heat exchanger. In the 

outer conical shell, the velocity of flow increases gradually, which increases 

turbulence accordingly. Due to an increase in turbulence, the heat transfer rate 

increases with the same heat exchanging area. Some assumptions have been 

considered to compare the results of the present study with previous work. This 

study focuses only on heat transfer properties but not on the effect on pressure and 

power losses. 

1.4 Contribution of the thesis 

Studied from the literature, it was concluded that many heat transfer 

enhancement techniques have been used to improve the effectiveness of heat 

exchanging devices. The passive heat transfer enhancement techniques use inserts, 

baffles, twisted tapes, etc., to enhance heat transfer characteristics of a heat 

exchanger. But the effect of the shape of the outer shell in the tube-tube heat 

exchanger has not been analyzed. So, the prime focus of the research was to



Introduction 
 

4 
 

examine the effect of conical shape on the heat transfer rate and derive an empirical 

correlation of heat transfer rate in a tube-tube heat exchanger. The original 

contributions of the work are: 

 Theoretical and experimental analysis of conical shell and 

cylindrical tube heat exchanger 

 Derive mathematical model of heat transfer rate in a conical shell 

and cylindrical tube heat exchanger 

 Exergy analysis of conical shell and cylindrical tube heat exchanger 

1.5 Thesis outline 

This thesis first provides a short introduction of heat transfer, heat 

exchanger and heat transfer enhancement techniques. The following questions have 

been answered in this section:  

 What is heat transfer and its application in the real world? 

 What is the heat transfer enhancement technique? 

 Types of heat transfer enhancement techniques and components 

used to enhance the heat transfer rate. 

Chapter 2 highlights the state-of-art of different heat transfer enhancement 

techniques used in various applications in industries from a literature survey, a 

critical research gap and the primary objective of the thesis. 

Chapter 3 explains the theory behind heat transfer in a conical shape heat 

exchanger. It is described in the chapter regarding parameters involved in heat 

transfer in a conical shape heat exchanger, the type of relation of these parameters 

with heat transfer rate, develop the equation of heat transfer coefficient using 

previously used Nusselt number correlation and find out theoretical results. 

Chapter 4 focuses on the experimental work of the thesis. Manufacturing 

and complexity in manufacturing of outer conical shell, the performance of the 

experiment, types of equipment used in the investigation, reading of the 

experiments, etc. are explained in this chapter. It also revealed result analysis of the 
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experiment, comparison with theoretical results and discussion about variation in 

theoretical and experimental results. 

Chapter 5 is about the exergy analysis of the heat exchanger. Using the 

second law analysis, the exergy destruction number is derived and its significance 

is discussed in this chapter. 

Chapter 6 is about the conclusion of the thesis and future scope of the work, 

which is followed by a reference section. 
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CHAPTER 2 

Literature Review 

2.1   Heat transfer Enhancement Techniques 

Heat transfer improvement techniques decrease thermal resistance in two 

ways: 1) by increasing the effective heat exchange surface area, 2) by creating 

turbulence. Rough surfaces/extended surfaces have been used for the aim of 

improving effective surface area whereas turbulators, inserts, winglets, etc. are used 

for generating turbulence. These changes could increase pumping power, which 

results in higher costs [2]. Different heat transfer enhancement techniques have 

distinct advantages, limitations, geometrical configurations, construction 

complexity, effectiveness, operating conditions, etc. 

Heat transfer enhancement techniques broadly categories into two 

categories as below: 

2.1.1  Active Techniques 

The active methods require some external power supply. In contrast, the 

passive method utilizes the surface by modification either on the heated surface or 

insert of swirl producing devices in the flow field. Active methods are very 

complex as they need an external power supply. Still, these methods have great 

potential and they can be controlled thermally. 

Active methods are those who require external power to maintain the 

enhancement system. Examples of active enhancement techniques are surface 

vibration, well stirring mechanical aid, pulsating flow, fluid vibration, electrostatic 

fields, jet impingement, spray, etc. The main disadvantage of the active heat 

transfer enhancement technique is that it requires external power. 
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2.1.2  Passive Techniques 

The passive heat transfer enhancement techniques are not required any 

external power. In passive heat transfer enhancement techniques, enhancement 

takes place either by insertion of swirl producing devices to improve the convective 

heat transfer by generating swirl into the flow and disturbing the boundary layer 

near the heat exchange surface of the tube due to repeated modyfications in the 

surface geometry or by improving effective heat transfer area. The passive 

techniques are better compared to the active methods because the swirl generator 

manufacturing process is easy and can be easily deployed in a running heat 

exchanger.  

It has been preferred to use passive techniques because these techniques 

don’t require any external power and they have broad application areas; therefore, 

ensuring better improvement with considerably less pressure drop and simplicity in 

working. 

2.2   Heat Transfer Enhancement with Insert 

      The twisted tape inserts are used as a heat transfer enhancement device 

since the last few decades and are most widely used in heat exchangers to reduce 

size and cost. Twisted tapes are used with modifications like twisted tape with 

different twist ratios, fit and loose tape insert, with changing in twist direction, full 

and short tape insert, perforated insert, insert with peripheral cuts, etc. 

Saha et al. [3] used regularly-spaced twisted tape instead of full-length 

twisted tape. They experimentally investigated the effect of tape width, space ratio,  

twist ratio and phase angle of twisted tape on heat transfer characteristics, and 

revealed that reduction in twisted tape width gives a low heat transfer rate and 

phase angle higher than zero creates manufacturing complexity rather than better 

heat transfer.  

Eiamsa et al. [4] performed experiments on full length twisted tape with a 

twisting ratio of 6 and 8 and free space ratios of 1, 2 and 3 for regularly spaced 

twisted tape insert. Results showed that the heat transfer coefficient was improved
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 by 79% and 43 % respectively for the twist ratio of 6 and 8, whereas the friction 

factor and heat transfer coefficient increases with space ratio. They derived the 

following correlations of the Nusselt number and friction factor from experimental 

data. 

𝑁𝑢 = 0.01014𝑅𝑒 . 𝑃𝑟 / (1 + 𝑆) .  

𝑓 = 4.143𝑅𝑒 . (1 + 𝑆) .  

They compared friction factor and Nusselt number value with previously 

published correlations and found it agreed within ± 15% with experimental data. 

Analysis of ground source heat pump by linear, non linear and artificial nueral 

network has been evaluated by Xu et al. [5]. 79 test results were measured by them 

for aim of obtain a predictive model. They develop predictive model by using linear 

regression, nonlinear regression and artificial nueral network. From the result it was 

revealed that model of artificial nueral network give best fit values compared to 

linear and nonlinear regression model. 

Eiamsa et al. [6] investigated the effect of short-length twisted tape insert. 

They used twisted tape with fixed twist ratio and different length ratios (fig.1). 

Short length inserts generate strong swirl at the tube entry point while the full-

length tape produces strong swirl flow over the full length of the tube. From results, 

it was concluded that the heat transfer rate increases significantly with twisted tape, 

but the improvement rate decreases as the length ratio.  

Sarada et al. [7] observed that the width of twisted tape substantially affects 

the heat transfer rate. It has been found that heat transfer enhances as the width of 

the insert increases. But with reduced width, the heat transfer rate can rise and there 

was material saving up to 61 % due to reduced width.   

Piriyarungrod et al. [8] presented the effect of taper in twisted tape to 

improve heat transfer performance. Their experiments for twisted tape with 

different taper angles explicate that the taper twisted tape improves the heat transfer 

but does not achieve a thermal performance factor of more than 1.05. So, taper tape 

is not a feasible method of heat transfer enhancement. Esmaeilzadeh et al. [9] 



Heat transfer Enhancement with Insert 
 

9 
 

analyzed the effect of thickness of twisted tape with nanofluid by showing that the 

increase in thickness increases heat transfer rate, friction factor and TPF.  

Eiamsa and Promvonge [10] assessed the effect of alternate clockwise and 

counterclockwise twisted tape inserts. They included tapes in experiments have 

twist ratios of 3, 4 and 5, each with three twist angle 30°, 60° and 90°. Results 

indicated that the heat transfer rate of alternate twisted tape is higher than ordinary 

twisted tapes at same operating conditions. The heat transfer rate and HPF (1.3-1.4) 

increase with a decrease in twist ratio and an increase of angle. 

 
Figure 2.1 Test tube with short-length twisted tape inserts at different tape-length ratios: (a) 
LR=0.29, (b) LR=0.43, (c) LR=0.57 and (d) LR=1.0 or full-length tape[6] 

Patil and Vijaybabu [11]-[12] carried out experiments to understand the 

effect of the twist ratio on heat transfer augmentation. From results, it has been 

concluded that heat transfer increases with decreases in twist ratio [11],[13]. It 

indicates the use of twisted tapes in laminar flow is competent in the point of 

energy saving. Twisted tape with increasing-decreasing twisted ratio (Fig. 2.2) is 

having improvement in Nusselt number at low Reynolds number and percentage 

improvement decreases with an increase in flow rate [12]. 



Literature Review 
 

10 
 

 

Figure 2.2 Twisted tape insert (a) increasing twist ratio; (b) decreasing twist ratio [12] 

Eiamsa et al. [14] used sequentially, intermittently and repeatedly twisted 

tape with increasing-decreasing twist ratios. Among the tapes studied, the 

repeatedly increasing-decreasing twist ratios offer the rise in Nusselt number by 1.8 

times at Reynolds number 5000 and decrease with an increase in Reynolds number.  

The research was carried out by Rahimi et al. [15] to investigate the effect 

of modified twisted tape insert on heat transfer characteristics in the concentric tube 

heat exchanger. They performed experiments on simple twisted tape, perforated 

twisted tape, notched twisted tape and jagged twisted tape for investigation. Their 

results obtained from CFD analysis and experiments revealed that a jagged twisted 

tape has the best TPF of 1.21 due to higher turbulence developed close to the tube 

wall.  

Shubanian et al. [16] analyzed heat transfer enhancement in an air cooler 

equipped with three types of tube inserts, namely as the butterfly, classic and 

jagged twisted tape (fig. 3). Their results indicated that the increases in Nu No. 

were accompanied by the increases in Re No. The ratio of Nu/Nu0 is higher in a 

butterfly insert as compared to jagged and classic twisted tape in the studied range 

of Re No., and it has been observed simultaneously that tube fitted into tube inserts 

revealed a substantial rise in the friction factor compared to plain tube. The friction 

factor is high at low Reynolds Number and tends to decrease with an increase in 

Reynolds number.
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Figure 2.3 Classic, Jagged and Butterfly twisted tape [16] 

Eiamsa et al. [17] and Eiamsa et al. [18] investigated the effects of delta 

winglet twisted tape inserts on heat transfer characteristics and pressure drop 

characteristics. The investigation was made for straight and oblique delta winglet 

[17] (fig. 4) and twin delta winglet [18] (fig. 5)  twisted tape insert. They analyzed 

twisted tapes for different twist ratios and depth of wing cut ratios. From results, it 

has been concluded that oblique delta-winglet is more efficient than straight delta 

winglets over the studied range of Re No. For twin delta winged twisted tape, 

wings were cut in three different positions as up, down and opposite [18]. Wings 

were inclined at an angle 15° with a tape surface. The effect was examined for three 

different wing tip angles 20°, 40° and 60°. Their results revealed that the upside 

position performs well as compared to down and opposite side wings, heat transfer 

rate increases with wing tip angle, twin tape wing up with 20° wing tip angle gives 

the best performance.  

Behfard and Sohankar [19] made a comprehensive study of the delta 

winglet vortex generator used in a rectangular duct. They analyzed the effect of 

vertex generator height, length, location of attachment and angle of attack on heat 

transfer. From the analysis, it was observed that the angle of attack of the vortex 

generator substantially affects the performance of the heat exchanger. They found a 

thermal performance improved by 39%. Heat exchanger tube with double cut 

twisted tape was studied by Nakhchi et al. [20]. Material used to construct double 

cut twisted tape was stainless steel. Double cut twisted tape produce swirl which 

leads to mix fluid between core and wall surface. It was derived from the results 

that thermal performance increases upto 177% with the use of double cut twisted 

tape.
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Augmentation of the heat transfer by using bundles of the wire-rod was 

investigated by Nanan et al. [21]. The analysis was done for 4, 6 and 8 wire rod 

bundles (Z) with different three pitch ratios (P/D) of 1.0, 1.5 and 2.0. The heat 

transfer rate increases as compared to the plain tube. But TPF is less than one in 

most of the combinations, which shows a non-feasible condition. They develop 

correlations for Nusselt number as below: 

𝑁𝑢 = 0.0197 𝑅𝑒 . 𝑃𝑟 . 𝑃
𝐷

.
𝑍 .  

The combined effect of twisted tape and vortex generator experimentally 

investigated by Promvonge et al. [22]. Experiments were carried out in a square 

duct with simple winglet, 2 V winglets and 4 V winglets with fixed angle of attack 

of 30°. 17 % better result has been obtained compared to twisted tape alone, which 

shows combined V-winglet and the twisted tape was an excellent enhancement 

device to improve heat transfer rate.  

Arulprakasajothi et al. [23] investigated the effect of staggered conical strip 

and non-staggered conical strip insert in a circular tube under laminar flow. The 

conical strip of backward and forward direction was used as turbulators, which 

leads to enhance the heat transfer coefficient. Non-staggered insert generates a 

better swirl near the wall. 

 
Figure 2.4 Oblique delta winglet[17] 

 
 
 
 
 
Figure 2.5 Twisted tape with twin delta wings[17] 

Wongcharee and Eiamsa [24] used twisted tape with alternate axis and 

rectagular, triangular and trapezoidal wings for analysis of heat transfer 
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enhancement (fig. 6). The performance was checked for three different wing chord 

ratio of 0.1, 0.2 and 0.3 with a fixed twist ratio of 4. Wings were constructed at an 

angle 60° with respect to the adjacent plane. For the same operating conditions, the 

Nu No ratio, friction factor ratio and thermal performance factor are higher in the 

trapezoidal cut as compared to the other two.  

Bali and Sarac [25] investigated the effect of the propeller type vortex 

generator. They examined the impact of joint angles and numbers of joint vanes for 

the range of Re No. From the analysis, it was observed a 15° vane angle has 

maximum energy loss and a 60° vane angle has a minimum. They studied two 

cases:1) One propeller case, 2) Two propeller case. They observed a two-propeller 

vortex generator performs better as the flow swirl decayed after some distance in 

one propeller attachment. Results revealed that the heat transfer rate improves by 

190 % in case 2 compared to 93.83 % in case 1.   

Murugesan et al. [26], [27], [28] analyzed the effect on heat transfer 

characteristics due to the square [26], triangular [27] and trapezoidal [28] cut on the 

periphery of plain twisted tape. They carried out experiments for twisted tap with 

twist ratios 2, 4.4 and 6. Their results revealed that Nu No. and friction factor 

increase simultaneously. Improvement in performance was 1.02 to 1.27 in square-

cut, 1.07 to 1.23 for triangular cut and 1.03 to 1.19 for trapezoidal cut twisted tape 

compared to plain tube.  

Eiamsa et al. [29] performed experiments for peripherally cut twisted tape 

with a constant twist ratio of 3 (fig. 7). Experiments were performed for different 

tape width and depth ratios in the range of Re No. 1000-20000. From results, it has 

been concluded that peripherally cut twisted tape has better performance as 

compared to plain tube and the performance of twisted tape was better in laminar 

compared to turbulence flow. Heat transfer rate increases by 2.6 times in the 

turbulence region and 12.8 times in laminar region. 

Eiamsa et al. [30] carried out experiments for center-cut wings in twisted 

tape. The wings were manufactured along with the centerline at three different 

angles of attack (43°, 53° & 74°). Center-cut twisted tape with 74° inclined wings 

was found most effective. Its performance was 62 % better than twisted tape alone. 
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But Lei et al. [31] made a hole in the center of the twisted tape and observed that its 

performs was well compared to plain twisted tape. Another advantage is material 

saving due to material removal from the hole. 

 

 

Figure 2.6  Twisted tape with triangular, rectangular and trapezoidal wings [24]

 

Figure 2.7 Geometries of peripherally-cut twisted tapes and typical twisted tape [29] 

Anvari et al. [32] used a convergent & divergent type ring inserts. They 

placed ring inserts in the tube at equal distance and uniform heat flux was applied 

from the outer surface. This approach is different because fluid moves from the 

periphery to the center, whereas in twisted tape, fluid moves from center to 

boundary. They estimated Nusselt number as 4.8 in plain tube, 10.61 in convergent 
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section and 17.48 in divergent section. From the results, it has been revealed that 

the divergent type ring insert is more efficient than a convergent type ring. 

Instead of doing any modification in twisted tape, many researchers focused 

on multiple twisted tapes. Eiamsa et al. [33] investigated the outcome of double 

twisted tape on heat transfer and friction factor. They used co-coupling and 

counter-coupling twisted tape (fig. 8) for the evaluation of heat transfer 

characteristics. Their results revealed that counter –coupling twisted tape performs 

better than co-coupling twisted tape and plain twisted tape and its performance was 

5.8 % better than plain twisted tape. They also concluded that thermal performance 

increases with decrease in twisted ratio and increases in width ratio of the twisted 

tape.  

Eiamsa and Wongcharee [34] conducted experiments to check the influence 

of double twisted tape in micro fin tubes (fig. 9). From the data obtained through 

experiments, it was concluded that when twisted tape placed in opposite directions 

for the counter swirl, it performed better. Bhuiya et al. [35]  also worked on double 

counter twisted tape inserts and concluded that it performs better in the tested range 

of Re No.  

 

Figure  2.8 Concentric double twisted tape [33]
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Figure 2.9 Single and double twisted tape with counter-swirl and co-swirl arrangement [34] 

Eiamsa et al. [36] worked on dual twisted tape elements in tandem to study 

the thermal characteristics of a heat exchanger. They used full length dual and 

regular spaced twisted tape to generate swirl. The heat transfer rate in spaced dual 

twisted tapes is lower as compared to full length dual twisted tape. Heat transfer 

rate improved up to 144% compared to plain tube. It happens due to the lower heat 

transfer rate in free spacing.  

Twisted tape with rectangular cuts on periphery had been analyzed by 

Gnanavel et.al.[37]. They used rectangular cut twisted tape with nano fluid to 

improve heat transfer rate in heat exchanger. Bhuiya et al. [38] performed 

experiments for triple twisted tape inserts. Mild Steel triple twisted tapes were used 

with different twist ratios over the range of Re No. 7200 to 50200. The thermal 

performance factor of triple twisted tape is higher as compared to double twisted 

tape. But dual twisted tape fitted in the micro fin tube is higher effectiveness than 

triple twisted tape insert. It represents that micro fin tube surface playing a 

significant role in improving TPF. 

Twisted tapes in counter-swirl and co-swirl orientation (fig. 10) were used 

by Vashistha et al. [39] to enhance the heat transfer rate. They conducted 

experiments for single twisted tape, double twisted tape with counter-swirl and co-

swirl orientation and four twisted tapes with counter-swirl and co-swirl orientation. 

It was concluded from results that counter swirl performs better than co-swirl 

which shows due to counter swirl more turbulence was developed and four twisted 
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tapes performed better than double and single twisted tape which shows heat 

transfer rate increases with number of twisted tapes.  

Li et al. [40] made a numerical study of heat transfer characteristics with a 

novel type central hollow, narrow twisted tape. They introduced the concept of 

unilateral twisted tape. In the analysis, results for simple twisted tape and the 

central hollow, narrow twisted tape were obtained and they revealed that hollow 

twisted tape performs better than simple twisted tape. Up to 28% of performance 

was increased by using centrally spaced twisted tape.  

An experimental study of quadruple V-finned twisted tape (fig. 11) was 

conducted by Promvonge [41]. He conducted experiments also for V-finned 

counter twisted tape with four different fin height, four different fin pitch and one 

fin attack of angle. From results, it was found that counter twisted tape performs 

better than quadruple twisted tape. V-finned twisted tape with fin height 0.42 and 

fin pitch 4 gave maximum heat transfer rate. 
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Figure 2.10 Theorized flow pattern of different twisted tape arrangement [39] 

 

Figure 2.11 Combined V-fins and quadruple counter-twisted tape [41]
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Heat transfer characteristics using quad-channel twisted tape inserts have 

been analyze by Dalkilic et al. [42]. Analysis was carried out theoretically as well 

as numerically under uniform heat flux boundry condition. 3D printed twisted tape 

with different length and constant twist ratio were used for the analysis. Results 

revealed that heat transfer rate and Nusselt number increases with length of the 

tape. Emperical correlation of Nusselt number was derived from the experimental 

data with daciation of 2%.  

Dimpled twisted tape and perforated twisted tape have been analyzed by 

Dagdevir and Ozceyhan [43]. Dimples on the twisted tape generated extra 

turbulence in the tube but performance of perforated twisted tape was better 

compared to dimpled twisted tape and plain twisted tape. 

Sivashanmugan & Suresh [44], [45] used a helical tape insert instead of 

regular twisted tape insert for heat transfer enhancement. They used full length 

helical inserts with different twist ratios (fig.12), equal and unequal lengths with 

right and left turns. Experiments concluded that the helical tape insert improves 

heat transfer as compared to plain tube but helical insert with spacer length 

performs weak compared to full length helical tape inserts. 

Moawed [46] used helical screw type tape inserts in the elliptical tube. At 

low Re No. It has been investigated that maximum TPF 1.2 obtained with a 

combination of pitch ratio as 1 and twist ratio 0.22. Multiple helical type twisted 

tapes have been studied by Bhuiya et al. [47] at different helix angles (9°, 13°, 17° 

and 21° ). The energy consumption by the blower increases (2 to 3 times) with 

decreases in the helix angle.  

 

Figure 2.12 Helical screw inserts of different twist ratio[44]
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Cheng et al. [48] studied annular microchannels with gap of 0.3 mm. Flow 

area changes along the flow direction were made by sinusoidal wave profile either 

inner wall or/and outer heater wall of the annular gap. Upto 360% of the heat 

transfer rate improves compared to straight pipe. Wavy wall performs better, 

serpentile wall performs moderately. 

2.3   Heat Transfer Enhancement with Artificial Roughness 

The baffles are used as an artificial roughness to create turbulence into the 

air channel, to enhance the heat transfer rate. The secondary flow is developed in 

flow due to baffle, which creates turbulence or swirl/vortex. Baffle with different 

shapes and geometrical configurations are used like winglets, rectangular-shaped 

winglets, delta shaped, V-shaped, perforated and multiple baffles. They can be 

attached and bent away from the plate to generate turbulence in the flow field, 

which results in enhanced heat transfer in many engineering applications, including 

solar air channels, heat exchangers and vortex combustors. Different investigators 

have analyzed the heat transfer and pressure drop characteristics produced by baffle 

inserts of various sizes, shapes and orientations as an artificial roughness on a 

heated plate, as discussed below. 

Li et al. [49] performed experiments to study the effect of helical fin and 

vortex generator on the heat transfer characteristics and pressure drop 

characteristics on the shell side of the double tube heat exchanger. They attached 

the helical fin, helical fin with delta & rectangular wing and winglet on an inner 

tube. It has been obsrved that the values of heat transfer by helical fins and vortex 

are 35-46 % more than heat transfer by only helical fins at the cost of pressure drop 

of 51-122 %. The result showed the heat transfer enhancement per vortex generator 

is highest for delta wing followed by a delta winglet pair, rectangular winglets and 

rectangular wing.  

Delta winglet vortex generator has been used by Zdanski et al. [50] to check 

the effect on an in-line tube bank. From the result, it was concluded that delta 

winglet VG improves the heat transfer rate in an in-line tube bank. The geometric 

shape of vortex generators, placement of the vortex generators pair, attack angle of 
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vortex generators and wavy fin height are the essential parameters that considerably 

improve the thermal performance of compact heat exchanger [51].  

Gholami et al. checked the performance of the fin and tube type heat 

exchanger with a wavy rectangular winglet type vortex generator [52]. They 

analyzed numerically the effect of flat rectangular, wavy down rectangular and 

wavy up rectangular winglets. A wavy rectangular winglet considerably improves 

the heat transfer rate and wavy up rectangular winglet performs better than wavy 

down.  

Sangtarash and Shokuhmand [53] performed experiments and investigated 

an in-line and staggered arranged dimples and perforated dimples to multi-louvers 

fins as a heat transfer enhancement technique numerically. Single raw of louvers 

was arranged on the heated wall, as shown in (fig. 13). The simulation revealed that 

due to circulation generated by dimples, the heat transfer rate increased. It was 

observed that as compared to in-line arrangement, staggered arrangement performs 

better. Their results revealed that louvers with perforated dimples perform better 

than simple dimples.      

 

Figure 2.13 Simple multi-louvered fin array, dimple louver, perforated dimpled louver and 

perforated dimpled louvers with staggered arrangement [53]
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Two novel heat transfer surfaces were developed by Tiruselvam et al. [54] 

named as Turbo C and EXTEK. Turbo C could be an external low fin tube changed 

with three dimensional cuts and EXTEK is a spiral fluted tube as shown in (fig. 

14). In turbo C, modified cuts increase surface area and sharp tip helps in the 

reduction of the condensate film thickness. In the EXTEK tube, swirl flow is 

developed due to a spiral fluted design that leads to high vapor shear for condensate 

film removal. The conclusion obtained from the experiments indicates that the flow 

appears to develops faster in Turbo C, whereas in EXTEK annulus flow does not 

develop because flow breaks up constantly. So, the friction factor is high in 

EXTEK as compared to Turbo C. Ribbed pipe increases heat transfer as compared 

to a smooth pipe. At low Re. No., the performance of the ribbed pipe is good and 

its effect is reduced with an increase in Re. No [55].  

 

Figure 2.14 Turbo C and EXTEK tubes [54] 

The combined effect of integral spiral rib and twisted tape with oblique 

teeth has been investigated by Pal and Saha [56]. Experiments were carried out for 

laminar viscous oil flowing through the circular duct. The combination of heat 

transfer techniques performs significantly better than the individual enhancement 

technique acting alone.  

Internally scattered grooves had been protruded by Zheng et al. [57] to 

improve thermal performance. Due to this modification, the heat transfer rate 

increases considerably without an increase in pressure loss. They concluded from 

the investigation that entropy generation is minimum and thermal performance is 

maximum at 30°. Xiao et al.[58] also investigated effect of v-rib roughness on 

traditional mini channel to enhance heat transfer rate. The inclination angle of v-rib 
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was 30°, 45° and 60°. Their numerical results revelaed that the heat ransfer rate 

increases upto 1.71-3.55 times compared to conventional mini-channel. 

Due to the conventional fuel crisis, the utilization of solar energy increases 

drastically. Researchers focus on improving the effectiveness of the solar air heater. 

The efficacy of a solar air heater is less due to the development of a viscous sub-

layer on the absorber plate. So, turbulence is required to generate to commute effect 

of the viscous sublayer. To generate turbulence, artificial roughness was 

constructed on one (absorber) or two sides.  

To enhance heat transfer in a rectangular duct, experiments were performed 

by Promvonge et al. [59]. They used ribs having cross section area of an isosceles 

triangular wedge and rectangular shape on both sides as shown in (fig. 15). The 

heat was supplied from the upper face of the duct. The maximum thermal 

performance factor found for the triangular rib is 1.1, followed by wedge rib 

upstream. Next was wedge rib downstream and rectangular rib. Dogan and Igci[60] 

used delta winglet vortex generator and novel corved type vortex to enhance heat 

transfer rate in rectangular channel. It was observed with delta winglet thermal 

performance improves upto 1.15 times and with curved winglet it improves upto 

1.34 times compared to plain channel. Hsieh et al. [61] used roughened 

microchannels for low Reynold number flow. Five different discrete rough surfaces 

used for the analysis which were elliptical, square, circular, triangular and 

hexagonal. From the results, it was concluded that square pin-fin roughened surface 

performed best and followed by the elliptical, circular , hexagonal and triangular. 

Eiamsa et al. [62] numerically analyzed the effect of periodic grooves on 

heat transfer rate in the rectangular duct. They calculated  TPF for different width 

to height ratio of a rectangular duct. It works better for a B/H ratio of 0.75 for the 

studied range of Re No. For particular Re No, the performance of a bottom groove 

is better as compared to an analysis made by Promvonge et al. [59] for both sides.  

Lanjewar et al. [63], Yadav et al. [64], and Gawande et al. [65] analyzed the 

working of a solar air heater by using W rib, equilateral triangular sectioned rib and 

right angle triangular rib as imitating roughness on the absorber plate side. W-up, 

W-down, and V type ribs used by Lanjewar et al. [63] and concluded that better 
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performance was found in W-down ribs and then W-up and V-ribs for all values of 

Re No. CFD analysis was done by Yadav et al. [64] for the equilateral triangular 

rib. From an analysis, Gawande et al. [65] concluded that at the maximum relative 

roughness height and 7.14 relative roughness pitch performs well compared to ribs 

with other configurations.  

Cylindrical grooves have been used by Liu et al. [66] to enhance the HTR  

in a rectangular channel. They analyzed five cylindrical groove shapes numerically. 

The new geometries were conventional cylindrical geometries with a rounded 

transition to a flat surface. From the results, it is found that the velocity magnitude 

near the wall surface is higher than conventional a ribbed surface, which leads to a 

high heat transfer rate. Non-uniform array of longitudinal fins were assembled by 

Hajmohammadi et al.[67] inside a circular channel to enhance heat transfer rate. 

They analyzed three channels namely as smooth channel, uniform finned channel 

and non-uniform finned channel. Performance of the channels were analyze 

considering same pumping power and observed non-uniform finned channel 

performed best with 46% improvement in result compared to smooth channel. 

Sethi et al. [68] created dimples to increase the HTR on the absorber side of 

the solar air heater. It was observed that dimples with a relative roughness height of 

0.036, relative roughness pitch of 10 and arc angle 60° works better. After 60° 

some of the dimples does not take part into turbulence due to separation. 

The effect of teardrop dimples and spherical dimples on heat transfer 

characteristics was experimentally and numerically investigated by Rao et al. [69]. 

Teardrop dimples perform better than spherical dimples for the wide range of Re 

No. Heat transfer enhancement with the spherical dimple was 1.5 – 1.7 times higher 

than fully developed flow in a smooth duct where as in teardrop dimple it was 1.8 – 

2 times higher. 

Rao et al. [70] experimentally and numerically investigated effect of an 

array of shallow dimples of different dimple depth on heat transfer characteristics. 

They consider three ratios of dimple depth to diameter ratios as 0.067, 0.1 and 0.2. 

From the results they concluded that heat transfer rate improves by 40 % with depth 

to diameter ratio 0.067. 
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Wang et al. [71] carried out experiments on a semi-dimple vortex generator 

attached on a flat surface. They made eight samples with fin pitch 1.6 mm to 2 mm. 

A heat transfer enhancement of 17% was achieved with the cost of a 30% rise in 

pressure drop.   

 

Figure 2.15 In-line rib arrangements with wedge pointing upward, wedge pointing downward, 

triangular and rectangular [59] 

Combination of different duct shapes and rib affect heat transfer 

considerably as compared to only ribs. An experimental investigation conducted by 

Salameh et al. [72] about the effect on  heat transfer in U- channel solar air heater 

by various shaped ribs. Four rectangular ribs with different configurations were 

considered for analysis named as plain, perforated, U-grooved and dimple. The 

perforated case and grooved case gives the highest effectiveness. This can be 

explained in the perforated case because it has the smallest pressure drop among all 

the tested rib cases. Heat transfer performance of rib-roughed rectangular channel 

decreases with increases in aspect ratio. The thermal boundary layer developed as 

flow progressed with an ordinary rib. A longitudinal rib was installed at the center 

to intersect the regular rib. This technique improves the thermal performance of the 

channel [73].  

Park et al. [74] investigated the combined effect of aspect ratio and rib angle 

of attack on heat transfer characteristics in rectangle channels with opposite ribbed 

walls. The author suggested that for lower aspect ratio channel 45°/60° angles rib 

perform better and for high aspect ratio 30°/45° angled ribs are better. Alam et 

al.[75] checked the effect of geometrical parameters of V shaped perforated block 

(fig. 16) on heat transfer in a rectangular duct. They conducted experiments for 
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different relative blockage height, open area ratio and  relative pitch ratio with a 

predefined angle of attack. Results disclosed that the perforated block has a better 

heat transfer rate compared to plain block. 

 

Figure 2.16 V shaped perforated block [75] 

Roughness improves heat transfer characteristics into the solar air heater 

duct. So, to check the effect of roughness on small diameter pipe, experiments were 

performed by Kandlikar et al. [76]. They generated roughness by acid treatment. 

Their results disclosed that roughness increases Nu No. and pressure drop at the 

same time and transition to turbulence start at below 2300 Re No. Li et al. [77] 

examined the effect of artificial roughness heights on heat transfer characteristics at 

various Re No. From the result, it has been concluded that the Nu No. ratio does 

not always increase with an increase in roughness height and Re No. If roughness 

height is less than the thickness of the viscous sublayer, heat transfer is difficult to 

enhance. If roughness height was five times more than the viscous sublayer 

thickness, then the friction factor increases sharply as compared to increases in heat 

transfer rate. Maximum heat transfer occurs at constant pumping power when 

roughness height was about three times of viscous sub layer thickness.  

For large Pr No., roughness height is a suitable technique to enhance 

turbulence and heat transfer. The influence of artificial roughness on heat transfer 

characteristics was investigated by Lin and Kandlikar [78]. They analyzed the 

effect of water passing in a mini channel. Eight roughness elements were checked 

having lateral grooves of sinusoidal profile. It was found that all surface roughness 

height increases the heat transfer rate, but the roughness element pitch has no 

significant effect.  
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Aligned and offset type roughness patterns used by Koopaee and Zare [79]. 

They studied the impact of a roughness patterns in a rectangular cross-sectioned 

microchannel numerically. It has been found that an offset pattern provides a lower 

pressure loss compared to the aligned pattern. The effect of macro and micro 

roughness were analyzed by Munkhbayar et al. [80]. They fabricated ribs of 

different height as macro roughness and copper porous layer height as a roughness 

height. A less than 5μm thick porous layer is found to increase heat exchange 

surface area and dynamic behavior of working fluid. Roughness significantly 

improves heat transfer co-efficient in the micro channel [Liu et al. [81]]. 

A numerical study was carried out by Yang and Chen [82] to investigate the 

effect of the V corrugated plate. They used V corrugated plates of angle 20°, 40° 

and 60° to check the impact of angle. The conclusion obtained from the results is 

that the increasing angle of the plate makes the heat transfer performance better. 

Mohamed Sakr [83] used V corrugated channel having a different phase shift, as 

shown in (fig. 17). The V corrugated channel has a significant impact on a heat 

transfer augmentation with an increase in pressure drop due to breaking and 

destabilizing the thermal boundary layer at the corrugated surface. Phase shift 

performs better in narrow channels. 180° phase shift performs better than 0° and 

90°.  

Punched triangular and rectangular edges had been used by S. Caliskan [84] 

as a vortex generator (fig. 18). He punched edges longitudinally at an angle of 

attack of 15°, 45° and 75°. The performance of the triangular vortex generator was 

found better with the angle of attack 45° compared to the rectangular vortex 

generator.  

Han et al. [85] investigated the performance of outward convex 

asymmetrical corrugated tubes. It has been analyzed that performance is improved 

by large corrugation trough radii (rl) located at the upstream side. The effect of 

various rl on heat transfer characteristics were investigated for the purpose of 

determination of optimum performance. Their results revealed that rl/D = 0.6 gave 

an optimum performance.  
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Liu and Niu [86] investigated the thermal characteristics of the periodic 

cross-corrugated channel. They examined the effect of the apex angle and aspect 

ratio on heat transfer, pressure drop and thermal performance factor. The numerical 

analysis revealed that the apex angle strongly influences heat transfer and pressure 

drop. 90° and 120° apex angles give the highest heat transfer capabilities. Mean Nu. 

No. for 30° apex angle is 0.5 times of the minimum value of Nu No at 90° and 

120°. Thus 90° and 120° are recommended apex angles for the purpose of heat 

transfer enhancement in the cross-corrugated triangular channel.                

 

Figure 2.17 Typical configuration of the corrugated channel representation [83]

 

Figure 2.18 Schematic view of triangular and rectangular vortex generator [85] 

2.4   Heat Transfer Analysis in Irregular Outer Shell 

Bhadouriya et al. [87] used a twisted square duct and twisted elliptical pipe 

as a heat transfer enhancement technique. They investigated heat transfer 

characteristics for the broad range of Re No. and Pr. No. Uniform wall temperature
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 was considered as a boundary condition. Due to twist swirl and secondary flow is 

produced at the corner, which leads to enhance heat transfer coefficient. Their 

results revealed that the heat transfer rate and pressure drop increase considerably 

in laminar as well as turbulent flow up to Re No 9300.  

Heat transfer characterstic analysis in spiral twisted tube heat exchanger 

was carried by Dong et al.[88]. They observed from the results that heat transfer 

characteristics increases with flow resistance. Spiral groove tube and spiral twisted 

tube heat exchanger performs better compared to ordinary heat exchanger. 

Performance of spiral twisted tube was 1.2 to 1.8 times better compared to spiral 

groove tube for the studied range of Reynolds number. Bhadouriya et al. [89] 

studied heat transfer properties in an annulus of the inner twisted square duct and 

outer circular pipe. They carried out experiments over the large range of Re. No. 

from 1000 to 100000. They observed friction factor and Nu No increase 

considerably for smaller annulus parameters.  

A new array of fins was introduced by Hajmohammadi et al. [67] in which 

the longitudinal fins where attached inside a circular tube on internal 

circumference. They studied smooth channel, uniformly finned channel and non 

uniformly finned channels. From numerical analysis they found that non uniformly 

spaced fins improves thermal performance by 46% compared to plain tube.  

Aliabadi and Lahtari [90] numerically analyze heat transfer characteristics 

in a twisted mini channel with different cross section tube (fig. 19). They 

investigated the effect of twist pitch to channel length ratio for different cross 

section twisted channels. From the results of numerical analysis, it was concluded 

that all twisted channels perform better than a smooth circular pipe. Semi circular 

twisted mini channel has the highest TPF in air flow and square twisted mini 

channel perform better for water flow. 
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Figure 2.19 Twisted mini-channel with different cross section shapes [90] 

Aliabadi et al. [91] carried out a comparative analysis of curved tubes, 

namely as spiral, helical and serpentine. Engine-oil, water and ethylene-glycol were 

used as a working fluid to check the effect of geometric parameters on heat transfer 

characteristics. Their results revealed that for the same geometrical and operating 

conditions, better performance is obtained by a helical tube followed by a spiral and 

serpentine tube.  

Tang et al. [92] experimentally and numerically investigated heat transfer 

characteristics in a twisted oval tube and twisted tri-lobed tube. The heat transfer 

rate and friction factor rise with a reduction in twisted pitch length. A twisted tube 

with right and left rotation perform better than the single side rotation. An increase 

in pitch ratio in the oval tube and the number of lobs in the lobed tube decreases the 

performance of the heat exchanger.  

Dizaji et al.[93] used a corrugated outer tube instead of a straight cylindrical 

tube. The experiments were conducted with Reynold number ranging from 3500 to 

18000 and results reveal that maximum effectiveness obtains with an outer tube as 

a concave corrugated and inner tube having a convex corrugated shape. 

Hashemian et al.[94] investigated heat transfer in a novel type of heat 

exchanger in which the structural modification increases the heat transfer rate. They 

turned cylindrical tubes into conical shapes with different geometrical 

configurations. From the results of a simulation, they found 63 % increment in 

Nusselt number and 54 % increment in heat transfer rate. Heat exchangers with 

modified geometries have been analyzed by Hashemian et al. [95] considering 

second law analysis. Heat transfer improvement number was applied to investigate 
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heat transfer augmentation in the heat exchanger. They observed heat exchanger 

effectiveness improved by up to 55%.   

2.5   Exergy Analysis of Heat exchanger 

Exergy analysis is a tool which is used to analyze effectiveness of energy 

conversion system because only energy analysis could not evaluate energy 

conversion system effectively and precisely. In exergy analysis, maximum work 

that can be produced by system has been analyzed and on the bases of this work 

actual work has been compared and evaluated. Exergy analysis is able to precisely 

notify the location of energy degradation in a process as well as it provides an 

alternate way of assessing and comparing the process. Exergy analysis results are 

true efficiencies which provides an actual measure of how exact actual performance 

approaches the ideal. 

Wang et al.[96] numerically analyze the effect of inlet mass flow rate and 

fin geometry on shell side and exergy loss in cylindrical shell with helically coiled 

finned tube with an internal core into the shell. They studied, the effect of height, 

number of fins and the inlet velocity of fluid on the exergy loss. From the results, it 

was observed that the heat transfer rate and exergy loss increases with fin height 

and number of fins. It could happens because height of fin and number of fins 

increases contact surface area which leads to increase heat transfer rate and 

frictional pressure drop. It was also observed that heat transfer rate and exergy loss 

also increases with fluid velocity.  

Exergy analysis and performance evaluation of double tube heat exchanger 

was carried out by Heyhat et al.[97]. They used air bubble injection method to 

enhance heat transfer rate. They supply air only on annulus side. To understand 

effect of air bubble on inclination heat exchanger, they placed heat exchanger at 

different angle. Experimental data were collected for different annulus side and 

tube side flow rates. From the results, it was observed that overall heat transfer 

coefficient improved by air bubble injection was from 10.3% to 149.5 %. It was 

also observed that dimensionless exergy loss increases by air bubble injection at all 
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angles of heat exchanger. This was increase up to 226%. It was happened due to 

irreversible heat transfer enhancement by air injection. 

Experimental investigation was performed by Luan and Phu [98] on solar 

air heater with inclined baffles. They placed baffles in rectangular channel with 

inclination angle ranges from 0° to 180°. The baffle pitch and height were fixed. 

From the results, it was observed that maximum thermal efficiency was obtained 

when inclination angle of baffle was 60°. But exergy loss was also highest at 60° 

baffle angle. It was also found that exergy efficiency decreases with increase in 

Reynolds number and it was found maximum at Reynolds number 1500. 0° and 

180° had worst efficiency and it was suggested to use 60° or 120° baffle for solar 

air heater. 

Dizaji et al.[99] performed experiments on shell and tube heat exchangers 

made of corrugated shell and corrugated tube. They used concave type and convex 

type of corrugated tube. They experimentally studied exergetic parameters of shell 

and tube heat exchanger with corrugated tube into corrugated tube. From their 

experimental results, it was observed that, corrugation tends to increase both NTU 

and exergy loss. The NTU increased from 34% to 60 % where as exergy loss 

increased from 17% to 80%. Maximum exergy loss was found when heat 

exchanger was made from convex corrugated tube and a concave corrugated shell. 

Optimization of design parameters of plate fin heat exchanger for cryogenic 

application have been studied by Doohan et al.[100] by using exergy analysis. They 

conducted parametric study to evaluate the effect of core geometrical parameters on 

the overall heat transfer characteristics. They compared their work with past 

published work to validate their experiment set up. Exergy destruction was studied 

to get insight of losses behavior. 

Alimoradi [101] investigated exergy efficiency in shell and helically coiled 

tube heat exchanger. Heat transfer takes place in forced convection mode. The 

effect of geometrical parameters and operating parameters on exergy efficiency of 

shell and helically coiled heat exchanger have been studied. He used water as a 

working fluid. It was concluded from the results that the efficiency decreases 

linearly with the increase of fluid inlet temperature difference. He suggested a coil 
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which has maximum number of turns and minimum diameter with same length as it 

was more efficient. It was also observed that with increase in mass flow rate by 

50% the efficiency decreases by 12.5%. 

Wang et al.[102] used water TiO2-H2O nano fluid as a working fluid. They 

experimentally studied effect of corrugation pitches of corrugated tubes on heat 

transfer coefficient. They observed heat transfer performance improves by 2.64-

16.9 % with nano fluid compared to only water in smooth tube whereas thermal 

performance enhanced by 4.8-66.3% in corrugated tube under same operating 

conditions than that of smooth tube. Results show that exergy efficiency of smooth 

pipe was better than that of the corrugated tube. Exergy analysis of evacuated solar 

water heating system was carried out by Saxena and Gaur[103]. Experiments were 

carried out at area having hard ground water and higher possibilities of fouling.  

Present water heating system was designed for fouling free operations. They used 

demineralized water as primary fluid with 0.5% concentration of CuO nano 

particles. They found exergy efficiency upto 9%. 

Experimental analysis of diesel engine exhaust energy recovery system was 

carried out by Hatami et al.[104]. They used delta winglet vortex generator heat 

exchanger to recover heat from diesel engine exhaust gases. They placed twenty 

vortex generator of optimum size at optimum angle to achieve maximum heat 

recovery and less pressure drop. The experiments were done for five engine loads 

and four different flow rates of water. Results of vortex generators were compared 

with that of concentric tube heat exchanger. Maximum energy recovery was about 

70 W. From the results, it was observed that vortex generator increase exergy 

recovery more than 50% due to flow circulation near wall and provides better 

turbulent flow. 

Sheikholeslami et al.[105] analyze exergy loss for forced convection heat 

transfer in a tube with modified twisted tape. They attached two twisted tape at 

three different revolution angle. They observed exergy loss reduces with increase in 

revolution angle. 

AlSalem et al.[106] numerically investigated heat transfer in annulus 

section of tube-tube conically coiled heat exchanger. The annulus side flow was 
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simulated using the Realized k-ϵ turbulent model. The effect of geometrical and 

operating parameters on exergy characteristics of annulus section have been 

analyzed. From the analysis, it was concluded that increase in number of turns of 

coil increase heat transfer rate and exergy loss also. With increase in cone angle 

from 0° to 65°, the exergy efficiency and exergy performance decreases 32.56 and 

11.1 % respectively. Tube diameter ratio was also important parameter which 

affects exergy efficiency of heat exchanger. Exergy efficiency was decrease by 

66.3% as tube diameter ratio was doubled. 

It was concluded that exergy loss and heat transfer rate increase with the 

application of heat transfer enhancement techniques because of irreversible heat 

transfer enhancement. Designer of heat exchanger always try to design heat 

exchanger having maximum heat transfer rate rather than minimum exergy loss.   

2.6   Research gap and research objective 

Heat transfer enhancement is always in interest of researchers to improve 

performance of heat transfer equipment. Different heat transfer enhancement 

techniques have their advantages, disadvantages and limitation. From the detailed 

literature survey following research gaps was found and research objectives were 

defined from observed research gaps. Following table 2.1 shows research gaps and 

research objectives of present work. 

 

Table 2.1 Research objective and research gap 

RG1 Heat transfer enhancement by inserting twisted tape, winglets, vortex 

generators, artificial roughness, etc with different specifications were 

studied by researchers. Studies emphasizing improvement in heat transfer 

by addition of nano particles are also suggested by some researchers. 

Majority of researchers have worked on cylindrical shape heat exchanger 

however area related to conical geometry is not that explored. It needs 

theoretical and experimental analysis of conical shape heat exchanger to 

understand effect of taper on performance of heat exchanger. 
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RO1 To theoretically analyze effect of conical shape on tube-tube heat 

exchanger. 

RO2 To do experimental work to verify the effect of conical shape obtain from 

theoretical analysis 

RG2 Through regression analysis researchers studied effect of parameters 

involved in heat transfer in form of empirical correlations. Researchers 

derive these type of correlations for tube in tube heat exchangers which 

includes relation of parameters of heat transfer enhancement techniques 

like twist ratio of twisted tape, length of twisted tape, ratio of insert width 

to diameter of tube, angle of attack of winglets, shape of vortex generator, 

thickness of artificial roughness, shape of roughness. Correlations of 

parameters for plate-tube and shell-tube heat exchangers were also 

developed by many researchers. Empirical correlation for heat transfer in 

conical shape heat exchanger is required to develop.   

RO3 To develop an empirical correlation (a mathematical model) of heat 

transfer in conical shape heat exchanger  

RG3 Energy analysis could not examine energy conversion effectiveness of 

heat exchanger. So, Exergy analysis becomes very useful tool for 

comparing performance of two systems or for improving the overall 

efficiency and cost effectiveness. Exergy analysis of different heat 

transfer enhancement parameters like fin height, number of fins, velocity 

of fluids, corrugation on tube, etc were carried out by researchers. Due to 

heat transfer enhancement techniques, exergy loss increases but its rise 

was different for different methods. Exergy loss due taper of conical 

shape is required to be analyzed. 

RO4 To do exergy analysis on the bases of experimental data for conical shape 

heat exchanger 

RO5 To check and validate effect of a conical shape on performance of 

concentric tube heat exchanger based on above developed relationship. 

2.7   Conclusion and Problem Definition 

The conclusion of the present literature review is as below:
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 There are following two types of heat transfer enhancement techniques: 1) 

Active, which requires an additional power source to work, and 2) Passive, 

which does not require extra power to do work. 

 The heat transfer enhancement occurs in all cases due to a decrement in the 

flow cross section area, a rise in turbulence intensity and a rise in tangential 

flow established by various types of inserts. Physical parameters of inserts 

like length, width, twist ratio, etc. are considerably affect the heat transfer 

enhancement. Twist direction is also an essential parameter in the case of 

multiple twisted tapes since the counter-swirl performs better than the co-

swirl. The duty of inserts in increasing the turbulence intensity is more 

significant in the laminar regime than in the turbulent regime. Hence wire 

coil inserts were used to rise the heat transfer in a turbulent flow. In recent 

years, second generation augmentation techniques have become famous, 

which combine the twisted tape and wire coil inserts to get better heat 

transfer performance in laminar as well as turbulent flows. In large Prandtl 

number flow, roughness performs better than the twisted tape and the 

maximum heat transfer occurs due to roughness when the height of 

roughness is three times the viscous sublayer thickness. The artificially 

corrugated rough surface can be developed to significantly improve the heat 

transfer properties by destabilizing and breaking the thermal boundary layer 

on the surface. Inserts like twisted tape, vortex generator, winglets, 

turbulators, etc. have been used in heat exchanging devices where a liquid is 

used as a working fluid. In contrast, artificial roughness, ribs, fins, etc have 

been used in the heat transfer device where working fluid is gas. 

 A heat transfer enhancement technique performs better when the Reynolds 

number is lower and the effectiveness of enhancement techniques decreases 

with an increase in Reynolds number. 

 Exergy loss of any heat transfer process increases with application of 

enhancement techniques. It also increases with inlet temperature difference 

of fluid and mass flow rate. 

Many investigators have done exhaustive research on the application of 

twisted tape, artificial roughness and vortex generators to improve the heat transfer 
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characteristics in the tube-tube heat exchangers. However, the work related to the 

shape of outer tube geometry of tube – tube heat exchanger like conical, parabolic, 

frustum, etc. have not yet been explored profoundly and could be the focus of new 

research. 

From the research gap, it was concluded that work on a conical shape heat 

exchanger was not yet attended. So, in a conical shape heat exchanger, the outer 

cylindrical tube was replaced by a conical shape tube. In the present work, analysis 

of heat transfer in the conical shape heat exchanger will be carried out.  

2.8   Flow of Research 

Figure 2.20 shows steps of work carried out during this research. 

 The major steps of this research work are: 

1) Derive equation of change in velocity in conical shape and find out effect of 

conical shape on heat transfer coefficient from previously published 

correlations 

2) Manufacture conical shape heat exchangers and perform experiments  

3) Do regression analysis and develop correlation of heat transfer rate in conical 

shape 

4) Exergy analysis of conical shape heat exchanger to understand effect of taper 

on exergy losses 
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Figure 2.20 Flow chart of work carried out during this research 
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CHAPTER 3 

Theoretical Analysis of Conical Shape  

Heat Exchanger 

3.1   Convection Mode of Heat Transfer 

As per the 1st law of thermodynamics, when a temperature difference exists, 

energy transfers from higher temperature to lower temperature. This energy 

exchange is known as thermal energy (heat). Heat takes place through different 

modes according to the working medium and classified as Convection, Conduction 

and Radiation. In conduction mode, heat is transfer through the vibration of 

molecules of material, whereas in radiation, heat is transfer without a medium. 

Convection is a mode of heat transfer in which heat transfer takes place between 

fluid and surface. In the heat exchanger, heat is transferred mainly through 

convective mode. Hence, to enhance the convection heat transfer coefficient is the 

prime focus of researchers to improve the effectiveness of heat exchanger. In the 

present chapter, the theoretical analysis of the convection heat transfer coefficient 

and the overall heat transfer coefficient would be analyzed for a conical shape heat 

exchanger. 

3.2      Parameters Involved in Convective Heat Transfer 

When heat transfer happens through force convection mode, several 

parameters are involved in it. The heat transfer coefficient is depends upon the 

thermal characteristics of a medium, the hydrodynamic properties of the flow, and 

the hydrodynamic and thermal boundary conditions of the system. Dependency of 

the heat transfer coefficient on different parameters can be represented by using 

methods of similarity theory. It helps to develop closed relation between 

dimensionless parameters, known as similarity criteria. These relations are known 

as similarity equations (formulas). Based on the numbers of experiments, it is 
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concluded that the forced convection heat transfer coefficient is a function of 

variables given below in Table -3.1. 

Table 3.1 List of variables affect convective heat transfer coefficient 

S. No. Variable / Parameter Symbol Dimensions 
1 Fluid density ρ ML-3 
2 Dynamic viscosity of fluid μ ML-1T-1 
3 Fluid Velocity V LT-1 
4 Thermal conductivity of fluid k MLT-3 θ-1 
5 Specific heat of the fluid Cp L2T-2 θ-1 

6 
The characteristic length of the heat 
exchange surface 

D L 

 

Therefore, convective heat transfer coefficient is expressed as 

h=f(ρ, μ, V, k, Cp, D)       (1) 

f(h, ρ, μ, V, k, Cp, D) = 0       (2) 

Convective heat transfer coefficient, h is dependent variable and remaining 

are independent variables. 

Total number of variables, n = 7 

Number of fundamental units, m = 4 

According to Buckingham’s π-theorem[107], the number of π-terms is 

given by the difference between the total number of variables and the number of 

fundamental units. 

Number of π-terms = (n-m) = 7-4 = 3 

These non-dimensional π-terms control the forced convection phenomenon 

and are expressed as 

f(π1, π2, π3) = 0                                                                                          (3) 

Each π-term is written in terms of repeating variables and one other 

variable. To select the repeating variables following procedure should be followed.
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The number of repeating variables and the number of fundamental units 

involved in the physical phenomenon should be equal. 

The dependent variable in π – theorem should not be selected as a repeating 

variable. The repeating variables should be chosen in such a way that one of the 

variables should represent geometric property such as length, diameter or height. 

Other repeating variables should contain a flow property such as velocity or 

acceleration and the third one should have a fluid property such as density, 

viscosity, specific heat or specific weight. 

A dimensionless gruoup should not be formed by using selected repeating 

variable.  

The repeating variables chosen should have the same number of 

fundamental dimensions. 

Two selected repeating variables should not have the same dimensions. 

The following repeating variables are selected 

i) Dynamic viscosity, μ having fundamental dimensions ML-1T-1 

ii) Thermal conductivity, k having fundamental dimensions MLT-3 θ-1 

iii) Fluid velocity, V having fundamental dimensions LT-1 

iv) Characteristic length, D having fundamental dimensions L   

The first π-term is expressed as: 

π1 = μa kb Vc Dd h       (4) 

Writing down each term in above equation in terms of fundamental 

dimensions 

M0 L0T0 θ0 = (ML-1T-1)a (MLT-3 θ-1)b (LT-1)c (L)d MT-3 θ-1 

Comparing the powers of M, we get 

0 = a+b+1, a+b = -1                (5) 

Comparing powers of L, we get 
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 0 = -a+b+c+d        (6) 

Comparing powers of T, we get  

0 = -a-3b-c-3        (7) 

Comparing powers of θ, we get 

0 = -b -1, b = -1       (8) 

Substituting value of ‘b’ from equation (8) in equation (5), we get 

 a = 0         (9) 

Substituting values of ‘a’ and ‘b’ in equation (7), we get 

c = 0         (10) 

Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (6), we get 

d = 1 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (4), we get 

π1 = μ0 k-1 V0 D1 h 

π1=hD/k        (11) 

Second π term is expressed as below: 

π2 = μa kb Vc Dd ρ       (12) 

Writing down each term in above equation in terms of fundamental 

dimensions 

M0 L0T0 θ0 = (ML-1T-1)a (MLT-3 θ-1)b (LT-1)c (L)d ML-3 

Comparing the powers of M, we get 

0 = a+b+1, a+b = -1                (13)
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Comparing powers of L, we get 

 0 = -a+b+c+d-3       (14) 

Comparing powers of T, we get  

0 = -a-3b-c        (15) 

Comparing powers of θ, we get 

0 = -b, b = 0        (16) 

Substituting value of ‘b’ from equation (16) in equation (13), we get 

 a = -1         (17) 

Substituting values of ‘a’ and ‘b’ in equation (15), we get 

c = 1         (18) 

Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (14), we get 

d = 1 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (12), we get 

π2 = μ-1 k0 V0 D1 ρ 

π2= ρVD/µ        (19) 

Third π term is expressed as below: 

π3 = μa kb Vc Dd Cp       (20) 

Writing down each term in above equation in terms of fundamental 

dimensions 

M0 L0T0 θ0 = (ML-1T-1)a (MLT-3 θ-1)b (LT-1)c (L)d L2T -2θ-1 

Comparing the powers of M, we get 
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0 = a+b, a= -b                 (21) 

Comparing powers of L, we get 

 0 = -a+b+c+d+2       (22) 

Comparing powers of T, we get  

0 = -a-3b-c-2        (23) 

Comparing powers of θ, we get 

0 = -b-1, b = -1       (24) 

Substituting value of ‘b’ from equation (21) in equation (24), we get 

 a = 1         (25) 

Substituting values of ‘a’ and ‘b’ in equation (23), we get 

c = 0         (26) 

Substituting the values of ‘a’, ‘b’ and ‘c’ in equation (22), we get 

d = 0 

Substituting the values of ‘a’, ‘b’, ‘c’ and ‘d’ in equation (20), we get 

π3 = μa kb Vc Dd Cp  

π3 = μCp / k        (27) 

 

Substituting the values of π1, π2, π3 in equation (3), we get 

f (h D / k, ρ VD / μ, μ Cp/k ) =0    

hD / k = φ (ρVD / μ, μCp/k) 

Nu  = φ(Re, Pr)          (28)



 
 

So, the above equation represents 

Reynolds number and Prandtl number. It also means that 

coefficient depends upon Reynolds number and Prandtl number.

3.3  Change in velocity in conical shape along the axis

The continuity equation has been used 

in conical shape along the axis. 

Figure 3.1 Conical shape heat exchanger indicating 

Mass of fluid influx through face ABCD  =

Mass of fluid efflux through face EFGH  =
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above equation represents the Nusselt number is a function of 

Reynolds number and Prandtl number. It also means that the 

coefficient depends upon Reynolds number and Prandtl number. 

Change in velocity in conical shape along the axis

ontinuity equation has been used to determine the change in velocity 

in conical shape along the axis.  

Conical shape heat exchanger indicating the direction of flow in annulus side

 
Figure 3.2 Conical shape 

Mass of fluid influx through face ABCD  = 

 ρ. V . (rdα. dz) 

Mass of fluid efflux through face EFGH  =

Change in Velocity in Conical Shape along the Axis 

Nusselt number is a function of 

the heat transfer 

Change in velocity in conical shape along the axis 

change in velocity 

 
direction of flow in annulus side 

Mass of fluid efflux through face EFGH  =
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ρ V +
∂V

∂r
dr +

dz. tanθ

2
r + dr +

dz. tanθ

2
dα. dz 

Mass of fluid influx through face ABFE  = 

ρ. V (dr + ∂z tanθ) r +
dr + ∂z tanθ

2
dα 

= ρ. V  rdr +
dr

2
+

dr. ∂z tanθ

2
+ r. ∂z tanθ +

dr. ∂z tanθ

2
+

(∂z tanθ)

2
dα 

In a bracket of the above equation 2nd, 3rd, 5th and 6th terms are having 

negligible value. 

So, the above equation is written as 

= ρ. V  (rdr + r. ∂z tanθ)dα 

= ρ. V  [r(dr + ∂z tanθ)]dα 

                                   = ρ(V . rdr + V  r ∂z tanθ)dα     -------------------- (15) 

Mass of fluid efflux through face CDGH 

= ρ V +
∂V

∂z
dz (dr) r +

dr

2
dα 

= ρ V +
∂V

∂z
dz r dr +

dr

2
dα 

In the above equation  is negligible. 

So, the above equation is written as 

= ρ V +
∂V

∂z
dz (r dr)dα 

                                     = ρ V  r dr +  r dr dz dα        --------------- (16)
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As per the conservation of mass equation (15) is equal to equation (16) 

ρ(V . rdr + V  r ∂z tanθ)dα =  ρ V  r dr +
∂V

∂z
 r dr dz dα 

V  r ∂z tanθ =
∂V

∂z
 r dr dz 

V  tanθ =
∂V

∂z
dr 

∂V

∂z
=

V tanθ

dr
 

∂V =
V tanθ

dr
∂z 

Integrate the above equation  

V ′ =
V tanθ

dr
z + C 

To calculate the value of constant C, apply the boundary condition 

V ′ = V  when z = 0 

So, C=V . 

Apply the value of C in the equation of velocity 

V ′ =
V tanθ

dr
z + V  

From the equation, it is concluded that velocity increases with a decrease in 

radius dr along the axis. So, an increase in velocity increases the Reynolds number, 

Nusselt number and ultimately heat transfer coefficient. The effect of change in 

diameter on the heat transfer coefficient will be discussed in the next section.
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3.4    Change in heat transfer coefficient in the conical shell along 
the axis 

  In the present study, a conical shell heat exchanger was used in which the 

outer shell was conical in shape and the inner shell was traditionally used 

cylindrical shape. The effect of the outer conical shape on the heat transfer 

coefficient of annulus side flow was required to be analyzed. To analyze the impact 

of conical shape, one of the most used empirical correlations, the “Dittus-Boelter” 

equation was used.  

Dittus–Boelter equation [108] 

Nu = 0.023 Re . Pr .  

And for an annulus flow 

𝑁𝑢 =
ℎ (d − d )

𝑘
   

   From the above equations 

h =
0.023 Re . Pr .

(d − d )
  k 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =
0.023 

𝜌𝑉(𝑑 − 𝑑 )
𝜇

.

𝑃𝑟 .  𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  

ℎ =
0.023 

𝜌𝑄(𝑑 − 𝑑 )
𝐴 𝜇

.

𝑃𝑟 .  𝑘

(𝑑 − 𝑑 )
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Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.023 
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

𝑃𝑟 .  𝑘

(𝑑 − 𝑑 )
 

ℎ = 0.023 
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

𝑃𝑟 .  𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

𝑃𝑟 .  𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 
4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

𝑃𝑟 .  𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 
4 𝜌𝑄

𝜋𝜇

.

𝑃𝑟 .  𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

From the above equation, it was concluded that the heat transfer coefficient 

increases with a decrease in outer diameter, which means the heat transfer 

coefficient increase continuously towards the narrow end along the axis of a heat 

exchanger. 

To understand the nature of the increment in the heat transfer coefficient 

along the axis of the conical shell, heat transfer coefficients at a different section of 

the conical shell were calculated considering the following properties of fluid and 

dimensions. 

Table 3.2 Properties of water 

Property Value Remarks 
Flow rate Q 10 LPM  
Density ρ 1000 kg/ m3  
Dynamic viscosity μ 5.49 X 10 -4 Pa. S At 50 0 C 
Specific heat Cp 4187 J/kg. K  
Thermal conductivity k 0.6 W/m.K  
Prandtl Number 3.56 At 50 0 C 

Equation of the heat transfer coefficient was reduced to 

ℎ = 11.30 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
       − − (17) 

Dimensions:
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Length: 1000 mm 

For inner tube:  

Inner diameter = 35 mm 

Outer diameter = 35 + 2(1.5) = 38 mm 

For outer tube (annulus): 

Case 1: (straight) 

Inner diameter = 38 mm 

Outer diameter (do) = 85 mm 

Case 2: (conical) 

Inner diameter = 38 mm 

Outer diameter at entry = 85 mm 

Outer diameter at exit = 75 mm 

After putting values of diameters in equation 17, heat transfer coefficients 

were calculated for the straight pipe and conical pipe at different distances from the 

entry section and values of the same were represented in the figure. 
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Figure 3.3 Heat transfer coefficient on the annulus side of a straight and a conical shell 

Figure 3.3 shows the change in local heat transfer coefficient on annulus 

side along the length. In straight pipe annulus area remains constant. So, the heat 

transfer coefficient on annulus side of the straight pipe remains constant. Where as 

in the conical shape, outer diameter decreases along the length from entrance to 

exit. Reduction in diameter is accompanied by reduction in annulus area. Due to 

gradual reduction in annulus area, velocity increases which leads to rise in 

Reynolds number, Nusselt number and ultimately heat transfer coefficient as per 

equation of heat transfer coefficient (equation 17). Equation 17 shows relationship 

between outer diameter and heat transfer coefficient. Outer diameter is in 

denominator and in conical shell outer diameter decreases continuously.  So, 

decrease in outer diameter increase heat transfer coefficient. Hence, in the conical 

shell local heat transfer coefficient increases gradually. Where as in straight shell 

outer diameter remain constant. So, heat transfer coefficient remain constant 

through out the length. 

The effect of conical shape on the heat transfer coefficient was analyzed for 

the Dittus-Boelter correlation. The behavior of the heat transfer coefficient for other 

correlations was also analyzed considering the same method. Other correlations 

were as below: 
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Mc Adams [109] 

Nu = 0.023 Re . Pr /
μ

μ

.

 

And for an annulus flow 

𝑁𝑢 =
ℎ (𝑑 − 𝑑 )

𝑘
   

From the above equations 

ℎ =
0.023 𝑅𝑒 . 𝑃𝑟 / 𝜇

𝜇

.

(𝑑 − 𝑑 )
  𝑘 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =

0.023 
𝜌𝑉(𝑑 − 𝑑 )

𝜇

.

Pr1/3 μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  

ℎ =

0.023 
𝜌𝑄(𝑑 − 𝑑 )

𝐴 𝜇

.

Pr1/3 μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.023 
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Pr1/3 μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
 

ℎ = 0.023 
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
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ℎ = 0.023 
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 
4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 
4 𝜌𝑄

𝜋𝜇

.

Pr
1
3

μ

μw

0.14

 𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

By considering μ ≅ μ  

ℎ = 0.023 
4 𝜌𝑄

𝜋𝜇

.

 𝑃𝑟  𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

Davis [110] 

𝑁𝑢 = 0.038 𝑎 . (𝑎 − 1) .  𝑅𝑒 . 𝑃𝑟 /
𝜇

𝜇

.

 

And for an annulus flow 

𝑁𝑢 =
ℎ (𝑑 − 𝑑 )

𝑘
   

   From the above equations 

ℎ =
0.038 𝑎 . (𝑎 − 1) .  𝑅𝑒 . 𝑃𝑟 / 𝜇

𝜇

.

(𝑑 − 𝑑 )
  𝑘 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =

0.038 𝑎0.15(𝑎 − 1)0.2  
𝜌𝑉(𝑑 − 𝑑 )

𝜇

.

Pr1/3 μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  
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ℎ =

0.038 𝑎0.15(𝑎 − 1)0.2  
𝜌𝑄(𝑑 − 𝑑 )

𝐴 𝜇

.

Pr1/3 μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.038 𝑎0.15(𝑎 − 1)0.2  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Pr
1
3

μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
 

ℎ = 0.038 𝑎0.15(𝑎 − 1)0.2  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.038 𝑎0.15(𝑎 − 1)0.2  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.038 𝑎0.15(𝑎 − 1)0.2
4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.038 𝑎0.15(𝑎 − 1)0.2  
4 𝜌𝑄

𝜋𝜇

.

Pr1/3 μ

μw

0.14

 𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

By considering μ ≅ μ  

ℎ = 0.038 𝑎 . (𝑎 − 1) .  
4 𝜌𝑄

𝜋𝜇

.

 𝑃𝑟  𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

a =  
D

D
=  

d

d
=

Inner radius of outer pipe

Outer radius of inner pipe
 

McAdams   [109] 

Nu = 0.03105 a . (a − 1) .  Re . Pr /
μ

μ

.

 

And for an annulus flow 

𝑁𝑢 =
ℎ (𝑑 − 𝑑 )

𝑘
   

   From the above equations 
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ℎ =
0.03105 𝑎 . (𝑎 − 1) .  𝑅𝑒 . 𝑃𝑟 / 𝜇

𝜇

.

(𝑑 − 𝑑 )
  𝑘 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =

0.03105 𝑎0.15(𝑎 − 1)0.2  
𝜌𝑉(𝑑 − 𝑑 )

𝜇

.

Pr1/3 μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  

ℎ =

0.03105 𝑎0.15(𝑎 − 1)0.2  
𝜌𝑄(𝑑 − 𝑑 )

𝐴 𝜇

.

Pr1/3 μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.03105 𝑎0.15(𝑎 − 1)0.2  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Pr1/3 μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
 

ℎ = 0.03105 𝑎0.15(𝑎 − 1)0.2  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.03105 𝑎0.15(𝑎 − 1)0.2  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.03105 𝑎0.15(𝑎 − 1)0.2
4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

Pr1/3 μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.03105 𝑎0.15(𝑎 − 1)0.2  
4 𝜌𝑄

𝜋𝜇

.

Pr1/3 μ

μw

0.14

 𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

By considering μ ≅ μ  

ℎ = 0.03105 𝑎 . (𝑎 − 1) .  
4 𝜌𝑄

𝜋𝜇

.

 𝑃𝑟  𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
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𝑎 =  
D

D
=  

d

d
=

Inner radius of outer pipe

Outer radius of inner pipe
 

Foust & Christian [111] 

𝑁𝑢 =
0.04𝑎

(𝑎 + 1) .
 𝑅𝑒 . 𝑃𝑟 .  

And for an annulus flow 

𝑁𝑢 =
ℎ (d − d )

𝑘
   

   From the above equations 

h =

0.04𝑎
(𝑎 + 1) .  Re . Pr .

(d − d )
  k 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =

0.04𝑎
(𝑎 + 1)0.2  

𝜌𝑉(𝑑 − 𝑑 )
𝜇

.

𝑃𝑟 .  𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  

ℎ =

0.04𝑎
(𝑎 + 1)0.2  

𝜌𝑄(𝑑 − 𝑑 )
𝐴 𝜇

.

𝑃𝑟 .  𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.04𝑎
(𝑎 + 1)0.2  

4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

𝑃𝑟 .  𝑘

(𝑑 − 𝑑 )
 

ℎ =
0.04𝑎

(𝑎 + 1)0.2
 

4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

𝑃𝑟 .  𝑘  
1

(𝑑 − 𝑑 )
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ℎ =
0.04𝑎

(𝑎 + 1)0.2
 

4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

𝑃𝑟 .  𝑘  
1

(𝑑 − 𝑑 )
 

ℎ =
0.04𝑎

(𝑎 + 1)0.2
 

4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

𝑃𝑟 .  𝑘  
1

(𝑑 − 𝑑 )
 

ℎ =
0.04𝑎

(𝑎 + 1)0.2

4 𝜌𝑄

𝜋𝜇

.

𝑃𝑟 .  𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

𝑎 =  
𝐷

𝐷
=  

𝑑

𝑑
=

𝐼𝑛𝑛𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑜𝑢𝑡𝑒𝑟 𝑝𝑖𝑝𝑒

𝑂𝑢𝑡𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑖𝑛𝑛𝑒𝑟 𝑝𝑖𝑝𝑒
 

 

Monrad & Pelton [112] 

Nu = 0.023
2ln a − a + 1

a −
1
a

− 2a ln a
 Re . Pr  

And for an annulus flow 

𝑁𝑢 =
ℎ (d − d )

𝑘
   

   From the above equations 

h =

0.023
2ln a − a + 1

a −
1
a

− 2a ln a
 Re . Pr

(d − d )
  k 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =

0.023
2ln a − a2 + 1

a −
1
a − 2a ln a

 
𝜌𝑉(𝑑 − 𝑑 )

𝜇

.

𝑃𝑟  𝑘

(𝑑 − 𝑑 )
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Flow velocity, 𝑉 =  

ℎ =

0.023
2ln a − a2 + 1

a −
1
a − 2a ln a

 
𝜌𝑄(𝑑 − 𝑑 )

𝐴 𝜇

.

𝑃𝑟  𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.023
2ln a − a2 + 1

a −
1
a − 2a ln a

 
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

𝑃𝑟  𝑘

(𝑑 − 𝑑 )
 

ℎ = 0.023
2ln a − a2 + 1

a −
1
a − 2a ln a

4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

𝑃𝑟  𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 
2ln a − a2 + 1

a −
1
a − 2a ln a

𝑃𝑟
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 
2ln a − a2 + 1

a −
1
a − 2a ln a

4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

𝑃𝑟  𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023
2ln a − a2 + 1

a −
1
a − 2a ln a

 
4 𝜌𝑄

𝜋𝜇

.

𝑃𝑟  𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

For heating n = 0.4 for cooling n = 0.3 

ℎ = 0.023
2𝑙𝑛 𝑎 − 𝑎 + 1

𝑎 −
1
𝑎

− 2𝑎 𝑙𝑛 𝑎

4 𝜌𝑄

𝜋𝜇

.

 𝑃𝑟 .  𝑘
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

Wiegand et al. [113] 

𝑁𝑢 = 0.023 𝑎 .  𝑅𝑒 . 𝑃𝑟
𝜇

𝜇

.

 

And for an annulus flow
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𝑁𝑢 =
ℎ (𝑑 − 𝑑 )

𝑘
   

   From the above equations 

ℎ =
0.023 𝑎 . 𝑅𝑒 . 𝑃𝑟

𝜇
𝜇

.

(𝑑 − 𝑑 )
  𝑘 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =

0.023 𝑎0.45  
𝜌𝑉(𝑑 − 𝑑 )

𝜇

.

Prn μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  

ℎ =

0.023 𝑎0.45  
𝜌𝑄(𝑑 − 𝑑 )

𝐴 𝜇

.

Prn μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.023 𝑎0.45 4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Prn μ
μw

0.14

 𝑘

(𝑑 − 𝑑 )
 

ℎ = 0.023 𝑎0.45 4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Prn μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 𝑎0.45  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

Prn μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023𝑎0.45  
4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

Prn μ

μw

0.14

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 𝑎0.45
4 𝜌𝑄

𝜋𝜇

.

Prn μ

μw

0.14

 𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
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By considering       μ ≅ μ  and For heating n = 0.4 for cooling n = 0.3 

ℎ = 0.023 𝑎0.45
4 𝜌𝑄

𝜋𝜇

.

Pr0.4 𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

𝑎 =  
𝐷

𝐷
=  

𝑑

𝑑
=

𝐼𝑛𝑛𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑜𝑢𝑡𝑒𝑟 𝑝𝑖𝑝𝑒

𝑂𝑢𝑡𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑖𝑛𝑛𝑒𝑟 𝑝𝑖𝑝𝑒
 

Potukhov & Roizen [114] 

𝑁𝑢 =
0.06759 𝑎 .

(𝑎 + 1) .
 𝑅𝑒 . 𝜉 

𝜉 = 1 𝑓𝑜𝑟 𝑎 ≤ 5 

And for an annulus flow 

𝑁𝑢 =
ℎ (𝑑 − 𝑑 )

𝑘
   

   From the above equations 

ℎ =

0.06759 𝑎 .

(𝑎 + 1) .  𝑅𝑒 .

(𝑑 − 𝑑 )
  𝑘 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(𝑑 − 𝑑 )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =

0.06759 𝑎0.16

(𝑎 + 1)0.2  
𝜌𝑉(𝑑 − 𝑑 )

𝜇

.

 𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  

ℎ =

0.06759 𝑎0.16

(𝑎 + 1)0.2  
𝜌𝑄(𝑑 − 𝑑 )

𝐴 𝜇

.

 𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 
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ℎ =

0.06759 𝑎0.16

(𝑎 + 1)0.2  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

 𝑘

(𝑑 − 𝑑 )
 

ℎ =
0.06759 𝑎0.16

(𝑎 + 1)0.2

4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ =
0.06759 𝑎0.16

(𝑎 + 1)0.2
 

4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ =
0.06759 𝑎0.16

(𝑎 + 1)0.2

4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ =
0.06759 𝑎0.16

(𝑎 + 1)0.2  
4 𝜌𝑄

𝜋𝜇

.

 𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

Stain & Begell [115] 

𝑁𝑢 = 0.02 𝑎 .  𝑅𝑒 . 𝑃𝑟 /  

And for an annulus flow 

𝑁𝑢 =
ℎ (𝑑 − 𝑑 )

𝑘
   

   From the above equations 

ℎ =
0.02 𝑎 .  𝑅𝑒 . 𝑃𝑟 /

(𝑑 − 𝑑 )
  𝑘 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
 

So, the equation of heat transfer coefficient modified as below: 

ℎ =
0.02 𝑎0.5  

𝜌𝑉(𝑑 − 𝑑 )
𝜇

.

Pr1/3
 𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  
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ℎ =
0.02 𝑎0.5  

𝜌𝑄(𝑑 − 𝑑 )
𝐴 𝜇

.

Pr1/3 𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.02 𝑎0.5  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Pr1/3 𝑘

(𝑑 − 𝑑 )
 

ℎ = 0.02 𝑎0.5  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

.

Pr1/3 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.02 𝑎0.5  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

.

Pr1/3
 𝑘  

1

(𝑑 − 𝑑 )
 

ℎ = 0.02 𝑎0.5
4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

.

Pr1/3 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.02 𝑎0.5  
4 𝜌𝑄

𝜋𝜇

.

Pr1/3 𝑘 
1

(𝑑 + 𝑑 ) .
 

1

(𝑑 − 𝑑 )
 

𝑎 =  
D

D
=  

d

d
=

Inner radius of outer pipe

Outer radius of inner pipe
 

Crookston et al.[116] 

𝑁𝑢 = 0.023 𝑎 /  𝑅𝑒 / 𝑃𝑟 /  

And for an annulus flow 

𝑁𝑢 =
ℎ (𝑑 − 𝑑 )

𝑘
   

   From the above equations 

ℎ =
0.023 𝑎 /  𝑅𝑒 / 𝑃𝑟 /

(𝑑 − 𝑑 )
  𝑘 

For annulus flow 

𝑅𝑒 =
𝜌𝑉(d − d )

𝜇
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So, the equation of heat transfer coefficient modified as below: 

ℎ =
0.023 𝑎

1
4  

𝜌𝑉(𝑑 − 𝑑 )
𝜇

Pr
1
3 𝑘

(𝑑 − 𝑑 )
  

Flow velocity, 𝑉 =  

ℎ =
0.023 𝑎1/4  

𝜌𝑄(𝑑 − 𝑑 )
𝐴 𝜇

/

Pr1/3 𝑘

(𝑑 − 𝑑 )
  

Flow area, 𝐴 =  (𝑑 − 𝑑 ) 

ℎ =

0.023 𝑎1/4  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

/

Pr1/3 𝑘

(𝑑 − 𝑑 )
 

ℎ = 0.023 𝑎1/4 4 𝜌𝑄(𝑑 − 𝑑 )

𝜋 𝑑 − 𝑑 𝜇

/

Pr1/3 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 𝑎1/4  
4 𝜌𝑄(𝑑 − 𝑑 )

𝜋(𝑑 − 𝑑 )(𝑑 + 𝑑 )𝜇

/

Pr1/3 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 𝑎1/4 4 𝜌𝑄

𝜋(𝑑 + 𝑑 )𝜇

/

Pr1/3 𝑘  
1

(𝑑 − 𝑑 )
 

ℎ = 0.023 𝑎1/4  
4 𝜌𝑄

𝜋𝜇

/

Pr1/3 𝑘 
1

(𝑑 + 𝑑 ) /
 

1

(𝑑 − 𝑑 )
 

 

𝑎 =  
𝐷

𝐷
=  

𝑑

𝑑
=

𝐼𝑛𝑛𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑜𝑢𝑡𝑒𝑟 𝑝𝑖𝑝𝑒

𝑂𝑢𝑡𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑖𝑛𝑛𝑒𝑟 𝑝𝑖𝑝𝑒
 

After putting values of fluid properties and dimensions in the above 

correlation, the average heat transfer coefficient for different flow rates had been 

calculated to understand the behavior of the heat transfer coefficient in conical 

shape for different flow rates. The diameter ratio was defined as the ratio of the exit 

diameter of the annulus pipe to the entry diameter of the annulus. The value of the 

diameter ratio represented the taper of a conical shape. Three annuli have been 
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considered for studying among them one was straight (diameter ratio =1) and two 

were conical (diameter ratio 0.882 and 0.765).  

 
Figure 3.4 Heat transfer coefficient on the annulus side for cylindrical shell 

 

Figure 3.5 Heat transfer coefficient on the annulus side for a conical shell (0.882)
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Figure 3.6 Heat transfer coefficient on the annulus side for a conical shell (0.765) 

From figure 3.4, 3.5 and 3.6, it was concluded that the coefficient of heat 

transfer rises with flow rate and it was also observed that the heat transfer 

coefficient was increases as the diameter ratio decreases. 

3.5  Overall Heat Transfer Coefficient in Conical Shape Heat 
Exchanger 

The overall heat transfer coefficient refers to how well heat transfers 

through over a series of resistances. U denotes it and its unit is W/m2.K. The overall 

heat transfer coefficient could be calculated by using the following equation[117] 

assuming negligible thermal resistance due to conduction.  

1

𝑈
=

1

ℎ
+

1

ℎ
                                    (18) 

In the above equation, ho refers to the heat transfer coefficient for annulus 

flow, which was studies in the previous section and hi refers to the heat transfer 

coefficient for an inner flow, which was required to be calculated. To calculate the 

heat transfer coefficient for internal flow following data were considered. The value 

of the heat transfer coefficient remains constant for all the variation in the heat 
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transfer coefficient for annulus flow to calculate the overall heat transfer 

coefficient. 

Table 3.3 Parameters to calculate the heat transfer coefficient of the inner pipe 

Fluid Water 

Flow rate 10 LPM 

Pipe diameter 35 mm 

Correlation Dittus-Boelter 

From Dittus-Boelter correlation, properties of water and parameters 

considered for the inner tube, the value of heat transfer coefficient obtained was 

  hi= 645.94 W/m2K 

The values of the overall heat transfer coefficient had been calculated with 

the help of equation 18 and the data of the inner and annulus heat transfer 

coefficient. The overall heat transfer coefficients for cylindrical annulus (diameter 

ratio 1), conical annulus with a diameter ratio of 0.882 and conical annulus with a 

diameter ratio of 0.765 are as shown in Figure 3.7, 3.8 and 3.9 respectively. 

 
Figure 3.7 Overall heat transfer coefficient for cylindrical annulus
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Figure 3.8 Overall heat transfer coefficient for conical annulus (0.882) 

 
Figure 3.9 Overall heat transfer coefficient for conical annulus (0.765) 

Rise in overall heat transfer coefficient with diameter ratio for different 

flow rates 10-20 LPM is represented by Figure 3.10 – 3.15. 
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Figure 3.10 Overall heat transfer coefficient Vs. diameter ratio (10 LPM) 

 

Figure 3.11 Overall heat transfer coefficient Vs. diameter ratio (12 LPM) 

 

 

Figure 3.12 Overall heat transfer coefficient Vs. diameter ratio (14 LPM)
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Figure 3.13 Overall heat transfer coefficient Vs. diameter ratio (16 LPM) 

 

 

Figure 3.14 Overall heat transfer coefficient Vs. diameter ratio (18 LPM) 

 

 

Figure 3.15 Overall heat transfer coefficient Vs. diameter ratio (20 LPM) 



  Theoretical Analysis 
 

70 
 

The observation made from the results presented in Fig 3.10 – 3.15 that the 

overall heat transfer coefficient increases with a decrease in diameter ratio. For the 

cases with the conical annulus, the overall heat transfer coefficient was found 

improved compare to the values obtained for the cylindrical annulus. The overall 

heat transfer coefficient increases up to 11 % in a conical tube with a diameter ratio 

of 0.882 compared to the cylindrical tube and up to 26 % in a conical tube with a 

diameter ratio of 0.765 compared to the cylindrical tube (Fig. 3.16 & 3.17). The 

increase in the overall heat transfer coefficient in conical annulus compared to 

cylindrical annulus for the same flow rate was due to higher turbulence in the 

conical annulus. Higher turbulence was a result of higher velocity due to a 

reduction in annulus space in a conical shape. 

Foust & Christian’s correlation represents fewer rises in overall heat 

transfer coefficient in a conical shape, whereas McAdams’ correlation shows a high 

rise in the overall heat transfer coefficient. Results represent that Weigand and 

McAdams’s results are coinciding. 

 
Figure 3.16 % rise in overall heat transfer coefficient Vs. flow rate (diameter ratio 0.882)
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Figure 3.17 % rise in overall heat transfer coefficient Vs. flow rate (diameter ratio 0.765) 

Results revealed that the % rise in overall heat transfer coefficient decreases 

with flow rate (Fig. 3.16 & 3.17). The overall heat transfer coefficient increased by 

4-11 % for 10 LPM flow rate in a conical heat exchanger with a diameter ratio of 

0.882 and reduced to 3-9 % for 20 LPM flow rate. Same as it was increased by 9-

26 % for 10 LPM flow rate in a conical heat exchanger with a diameter ratio of 

0.765 and reduced to 6-22 % for 20 LPM flow rate. It represents the effect of 

conical shape was higher for a lower flow rate. 

3.6  Conclusion of Theoretical Analysis 
 

From the present study, the following conclusions have been made: 

 The overall heat transfer coefficient increases with the increase in 

flow rate 

 The overall heat transfer coefficient increase with a decrease in 

diameter ratio 

 Overall heat transfer coefficient increases up to 11 % in a conical 

tube with a diameter ratio of 0.882 compared to a cylindrical tube
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 Overall heat transfer coefficient increases up to 26 % in a conical 

tube with a diameter ratio of 0.765 compared to a cylindrical tube % 

rise in overall heat transfer coefficient inversely proportional to flow 

rate which represents the effect of conical shape is higher on the heat 

transfer coefficient for lower flow rate  

 Foust & Christian’s correlation represents fewer rises in overall heat 

transfer coefficient in a conical shape and McAdams’ correlation 

shows a high rise in the overall heat transfer coefficient. Weigand 

and McAdams’s results are coinciding. 
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CHAPTER 4 

Experimental Study of Conical Shape Heat Exchanger 

4.1   Introduction 

A heat exchanger is used to exchange thermal energy (enthalpy) between 

two or more fluids separated by a solid surface. In heat exchangers, no external heat 

or work interactions takes place. Typical applications involve, heating and cooling 

of liquid and evaporation and condensation of single or multi-components of vapor 

streams. The objective of other applications may be to reject heat or recover heat or 

sterilize, distill, pasteurize, fractionate, crystallize, concentrate or control a process 

fluid. Heat exchangers have been classified based on construction, direction flow, 

contact type, etc. Tube in tube heat exchanger is one of the simplest in construction 

and widely used heat exchanger. The mostly used flow path arrangement within a 

heat exchanger are counter flow and parallel flow. In a counter-flow heat 

exchanger, the one working fluid moves opposite to the direction of the another 

working fluid. In a parallel type heat exchanger, both the fluids flow in the same 

direction. Under the same conditions, heat transferred rate in a counter-flow 

arrangement is more than that of a parallel flow heat exchanger. From the 

temperature profiles of the two heat exchangers, two major disadvantages of the 

parallel-flow heat exchanger have been observed. First, the temperature difference 

at the ends are large (Figure 4.1) causes large thermal stresses which can lead to 

material failure due to the expansion and contraction of the construction materials. 

Second, the temperature of the cold fluid at the exit of the heat exchanger never 

goes below the lowest temperature of a hot fluid. If the purpose of design is to raise 

the temperature of cold water, then this distinct disadvantage plays an important 

role. When two fluids are needed to be brought nearly at the same temperature, the 

design of a parallel flow heat exchanger is advantageous. The counter-flow type 

heat exchanger has following advantages over the parallel flow heat exchanger.
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First, the constant temperature difference between two fluids could minimize the 

thermal stresses produced throughout the heat exchanger. Second, the exit 

temperature of the cold fluid can reach near to the highest temperature of the hot 

fluid. Third, a uniform rate of heat transfer due to uniform temperature difference 

throughout the heat exchanger. 

 
Figure 4.1 Temperature profile of parallel and counter flow heat exchanger 

4.2   LMTD and Overall Heat Transfer Coefficient 

The temperature change is nonlinear across the heat exchanger from the 

entrance. So, nonlinear behavior cannot be solved by the arithmetic mean, but 

logarithmic mean can solve it. The logarithmic mean of temperature difference of 

the fluids at both the sides of the heat exchangers is known as Logarithmic Mean 

Temperature Difference (LMTD). It is denoted by ΔTm or θm. It is useful to 

calculate the overall heat transfer coefficient of the heat exchanger, which shows 

how well heat transfer takes place in the heat exchanger. It is calculated by using 

the following equation[118]. 

𝑄 = 𝑈 𝐴 ∆𝑇 =  𝑈 𝐴 𝜃  

Consider a small area dA with dQ.     Heat transfer and temperature 

differences on hot is dTh and the cold side is dTc , as shown in Figure 4.2.
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Figure 4.2 Temperature changes in the counter flow heat exchanger 

dQ = U A ∆T = U dA(T − T ) =  −m c dt =  m c dt  

𝑑𝑡 = − 
𝑑𝑄

𝑚 𝑐
=  −

𝑑𝑄

𝐶
  

𝑑𝑡 =
𝑑𝑄

𝑚 𝑐
=  −

𝑑𝑄

𝐶
  

Where, Ch = m.
h cph = heat capacity of hot fluid 

Cc = m.
c cpc = heat capacity of cold fluid 

𝑑𝑡 − 𝑑𝑡 = −𝑑𝑄(
1

𝐶
−

1

𝐶
) 

𝑑𝜃 = −𝑑𝑄(
1

𝐶
−

1

𝐶
) 

𝑑𝜃 = −𝑈 𝑑𝐴(𝑇 − 𝑇 )(
1

𝐶
−

1

𝐶
) 

𝑑𝜃 = −𝑈 𝑑𝐴 𝜃(
1

𝐶
−

1

𝐶
) 

𝑑𝜃

𝜃
= −𝑈 𝑑𝐴 (

1

𝐶
−

1

𝐶
)



  Experimental Study 
 

76 
 

By integrating the above equation, 

ln
𝜃

𝜃
= − 𝑈 𝐴 (

1

𝐶
−

1

𝐶
) 

Q =  C (𝑇 − 𝑇 ) = C (𝑇 − 𝑇 ) 

So, =
(𝑇 − 𝑇 )

𝑄 , =  
(𝑇 − 𝑇 )

𝑄 

ln
𝜃

𝜃
= − 𝑈 𝐴 

(𝑇 − 𝑇 )

𝑄
−

(𝑇𝑐2 − 𝑇𝑐1)

𝑄
 

ln
𝜃

𝜃
=  𝑈𝐴

𝑄 (𝑇 − 𝑇 ) − (𝑇 − 𝑇 )  

ln
𝜃

𝜃
= 𝑈𝐴

𝑄 (θ − θ  ) 

𝑄 = 𝑈 𝐴 
(θ − θ  )

ln
𝜃
𝜃

 

𝑄 = 𝑈 𝐴 𝜃  

𝑊ℎ𝑒𝑟𝑒,  𝜃 =
(θ − θ  )

ln
𝜃
𝜃

= 𝐿𝑀𝑇𝐷 

 𝜃 =
(θ − θ  )

ln
𝜃
𝜃

 

Assumptions made in the LMTD method: 

 The overall heat transfer coefficient (U) remains constant throughout 

the heat exchange. 

 The specific heats (Cp) and mass flow rates of both fluids are 

uniform.
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The flow should be steady. 

There should be no phase change of the fluids during the heat 

transfer. 

Heat loss to the atmosphere is negligible due to the 

being perfectly insulated. 

Axial conduction along the tubes is negligible. 

The changes in kinetic energy and potential energy are negligible.

Experimental Setup 

In the concentric tube heat exchanger, inner and outer tubes both are 

l. However, in present analysis, the outer cylindrical tube was replaced by 

conical tube and focus was made on the analysis of the heat transfer rate 

outer conical tube of a concentric tube heat exchanger. This experiment aimed

overall heat transfer coefficient in a concentric tube heat exchanger 

for straight as well as a conical shell for a different configuration.

overall heat transfer coefficient temperatures of both fluids at the 

section, flow rate and area were required. The representation diagram of the 

experimental flow process is shown in Figure 4.3. 

.3 Schematic line drawing of the experimental setup 

up have two concentric tubes, in which cold fluid (water) flows 

through the annulus side and hot water flows through the inner tube. The inner tube 

shape and made from copper. Due to high thermal conduction 

opper is used as an inner tube material, which is even useful to increase 

Experimental Setup 
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kinetic energy and potential energy are negligible. 

In the concentric tube heat exchanger, inner and outer tubes both are 

analysis, the outer cylindrical tube was replaced by 

heat transfer rate in the 

is experiment aimed to 

concentric tube heat exchanger 

different configuration. To calculate 

the entry and exit 

The representation diagram of the 

 

two concentric tubes, in which cold fluid (water) flows 

through the annulus side and hot water flows through the inner tube. The inner tube 

Due to high thermal conduction 

which is even useful to increase 
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the heat transfer rate between hot and cold fluid. The outer diameter of the copper 

tube is 38 mm and the inner diameter is 35 mm. Experiments were conducted for a 

length of 1 m span. Hot water moves through the inner tube having 0.5 m of 

settlement zone at the inlet of the pipe to reduce the effect of turbulence. Epoxy - 

Glass fiber was used as an outer tube having a conical shape. For better thermal 

resistance at the outer surface and to devise an irregular shape at the outer shell, 

epoxy resin and glass fiber was used. Manufacture a conical shape was difficult by 

any metal forming process. So, resin and glass fiber was used to create conical 

shape. First a core of wood was made and then layers of resin and glass fiber were 

made on it. After setting time core was removed. First core was straight(85 mm 

diameter) (diameter ratio 1) and then taper was provided considering one end with 

fixed diameter and the second end with 10 mm reduced diameter (0.882). Now 

taper angle increases with more reduction in diameter at second end by 20 

mm(0.741) and in third case diameter of second end reduced to 30 mm(0.612). In 

each case, diameter reduced by 10 mm compared to previous one. Because of 

manufacturing complexity, less than 10 mm reduction became difficult. If more 

than 10 mm considered, the smaller end of third conical shape becomes very 

narrow. Hence 4 diameter ratio ratios have been considered one straight (diameter 

ratio 1)  and three conical shells with diameter ratios as 0.882, 0.741 and 0.612. In a 

conical shell, cold fluid moves from a larger diameter to a smaller diameter. The 

ratio of a smaller outlet diameter to a larger inlet diameter of a conical shell 

represents a diameter ratio.  

Figure 4.2 shows the circular tube and conical shell heat exchanger. 

Resistance temperature detectors (RTDs) were used to measure temperature. These 

RTDs are made with a PT100 sensor for better accuracy. The temperature indicator 

is having indicating an accuracy of 0.1 ° C. RTDs are attached with a wire of length 

of 1.5 m. Two RTDs were mounted on the copper tube for measurement of the 

inside water temperatures. One at the inlet of the tube and second at the outlet of 

the tube. In addition, two RTDs were fitted in the annulus of the test section to keep 

track of the temperature of outer water. The flow rate was measured by placing 

tanks at the outlet end of the tube in the experiment. Two centrifugal pumps 

attached with an electric motor of capacity 0.5 hp were used for the transfer of hot 
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and cold water separately. A heater of rating 1 kW capacity was used for heating of 

water. 

The conical shape was introduced on the outer shell to increase the 

turbulence of water in annulus space. The hot water was made to flow constant at 1 

LPM through an inner copper tube and cold water was set to flow varying from 1 

LPM to 7 LPM through the annulus. Once the steady-state condition was achieved, 

temperatures at the inlet and outlet of hot water and cold water were measured for 

all configuration of the cylindrical and conical outer tubes. 

 
Figure 4.4 Heat exchangers (1- straight, 3-conical) used in the present study
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Table 4.1 Temperature reading for straight pipe (diameter ratio 1) 

Hot 
Flow 
(ltr) 

Hot in 
Hot 
out 

Cold 
Flow 
(ltr) 

cold in 
cold 
out 

1 62.8 54.8 1 26 34.1 
1 63.5 54.8 1.5 27.3 33.1 
1 62.1 53.1 2 25.8 30.3 
1 61.8 52.6 2.5 26.3 30 
1 63.4 54 3 25.8 29.1 
1 62 52.4 3.5 26.5 29.3 
1 61.9 52.2 4 27.1 29.6 
1 62.7 52.8 4.5 26.9 29.2 
1 62.8 52.6 5 27.2 29.3 
1 60.9 50.2 6 26.1 27.9 
1 61.5 50.4 7 26.4 28 

 

Table 4.2 Temperature reading for straight pipe (diameter ratio 0.882) 

Hot 
Flow 
(ltr) 

Hot in 
Hot 
out 

Cold 
Flow 
(ltr) 

cold in 
cold 
out 

1 63.4 55 1 27.2 35.6 

1 62.8 53.8 1.5 26.3 32.4 

1 63.2 53.9 2 28.1 32.8 

1 61.7 52.1 2.5 27.4 31.4 

1 62.4 52.6 3 28.2 31.6 

1 62.4 51.8 3.5 26.3 29.3 

1 61.4 50.7 4 27.3 30 

1 62.7 51.7 4.5 26.9 29.4 

1 61.4 50.1 5 27.4 29.7 

1 61.5 50.4 6 27.4 29.4 

1 63.8 52 7 28.4 30.2 
 

Table 4.3 Temperature reading for straight pipe (diameter ratio 0.741) 

Hot 
Flow 
(ltr) 

Hot in 
Hot 
out 

Cold 
Flow 
(ltr) 

cold in 
cold 
out 

1 62.2 53.6 1 30.2 38.9 
1 61.5 52.3 1.5 29.6 35.8 
1 62.9 53 2 28.3 33.3 
1 63.6 53.5 2.5 29.8 33.9 
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1 61.7 51.5 3 30 33.5 
1 63.1 52.4 3.5 29.5 32.7 
1 60.9 50.2 4 28.9 31.8 
1 61.8 51 4.5 30.4 33 
1 63.4 52.4 5 30.8 33.2 
1 63.2 51.6 6 30.2 32.3 
1 62.5 50.6 7 29.2 31 

Table 4.4 Temperature reading for straight pipe (diameter ratio 0.612) 

Hot 
Flow 
(ltr) 

Hot in 
Hot 
out 

Cold 
Flow 
(ltr) 

cold in 
cold 
out 

1 60.4 51.6 1 30.9 39.7 
1 62.3 52.9 1.5 31.5 37.9 
1 62.6 52.6 2 31.8 36.9 
1 61.9 51.5 2.5 32.2 36.4 
1 62.8 52.3 3 32.8 36.4 
1 62.8 51.7 3.5 32.3 35.6 
1 63.2 52.4 4 32.6 35.6 
1 63.5 52.1 4.5 32.4 35.1 
1 62.6 51 5 31.7 34.2 
1 63.5 51.6 6 31.9 34.1 
1 63.1 51.1 7 32 33.9 

4.4   Data Reduction and Results 

  From the data obtained from the experiment, heat transfer rate, 

Logarithmic Mean Temperature Difference and Overall heat transfer coefficient 

would be calculated using the following equations.  

 Heat transfer from the hot fluid 

Q = m Cp (ΔTh) = m Cp (Th,in - Th,out) 

 Heat transfer to the cold fluid 

Q = m Cp (ΔTc) = m Cp (Tc,out – Tc,in) 

Data of inlet and outlet temperature of hot and cold water were obtained 

from experiments. By putting this data in the above equation, the heat transfer rate 

for all experiments was calculated as shown in table 4.5 and represented in figure 

4.6. To validate the experiment setup, the result of the cylindrical shape (diameter 
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ratio) heat exchanger has been compared with the previously used correlation and 

represented in figure 4.5. From the figure, it was observed that the heat transfer rate 

in the actual case was more than previous correlations, which was because the 

shell-side fluid flow enters and leaves through shell-side nozzles fixed on the shell 

wall. For this reason, the fluid initially flows perpendicular to the tube walland then 

this cross-flow gradually becomes a longitudinal flow. The heat transfer in double-

pipe heat exchangers, therefore, is affected by the cross-flow and the change of 

flow direction because turbulence is generated additionally by the cross-flow in the 

nozzle region. 

 
Figure 4.5 flow rate vs Qact_stepehan_VDI 

Table 4.5 Heat Transfer Rate 

Diameter 
Ratio 

1 0.882 0.741 0.612 

Flow rate 
(LPM) 

Q Q Q Q 

1 33.9147 35.1708 36.4269 36.8456 
1.5 36.4269 38.31105 38.9391 40.1952 
2 37.683 39.3578 41.87 42.7074 

2.5 38.72975 41.87 42.91675 43.9635 
3 40.1952 42.7074 43.9635 46.4757 

3.5 41.0326 43.9635 46.8944 48.35985 
4 41.87 45.2196 48.5692 50.244 

4.5 43.33545 47.10375 48.9879 50.87205 
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5 43.9635 48.1505 50.244 52.3375 
6 45.2196 50.244 52.7562 55.2684 
7 46.8944 52.7562 52.7562 55.6871 

  
Figure 4.6 Heat transfer rate vs. flow rate 

 Logarithmic mean temperature difference 

θ1 = Th1 - Tc2, θ2 = Th2 - Tc1 

∆𝑇 = 𝐿𝑀𝑇𝐷 =  
𝜃 −  𝜃

ln
𝜃
𝜃

 

Logarithmic mean temperature difference for all experiments was calculated 

by using the above equation of LMTD and shown in table 4.5. 

Table 4.6 Logarithmic mean temperature difference 

Flow 
rate 

LMTD 

LPM °C 
  1 0.882 0.741 0.612 

1.00 28.75 27.80 23.35 21.33 
1.50 28.93 28.93 24.17 22.87 
2.00 29.49 28.04 27.08 23.16 
2.50 28.96 27.40 26.59 22.26 
3.00 29.94 27.48 24.70 22.78 
3.50 29.17 29.13 26.47 23.08 
4.00 28.55 27.20 25.00 23.48 
4.50 29.54 28.84 24.47 23.79 
5.00 29.26 26.95 25.66 23.56 
6.00 28.32 27.30 25.86 24.23 
7.00 28.49 28.31 26.13 23.79 
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 The overall heat transfer coefficient of the system 

𝑈 =  
𝑄

𝐴. ∆𝑇
 

The overall heat transfer coefficient of different diameter ratios had been 

determined from the above equation and the values of LMTD and represented in 

figure 4.7.  

4.7 Overall heat transfer coefficient 

mass 
flow 
rate 

Overall heat transfer coefficient 

kg/min kW/m2K 

  1 0.882 0.741 0.612 

1.00 171.5445 183.9771 226.8622 251.1615 

1.50 183.1317 192.604 234.2901 255.6155 

2.00 185.8042 204.1378 224.8756 268.1154 

2.50 194.4586 222.1795 234.7359 287.2542 

3.00 195.2335 226.0361 258.8475 296.7382 

3.50 204.5731 219.4339 257.5973 304.6921 

4.00 213.2754 241.7222 282.5468 311.1207 

4.50 213.3536 237.4998 291.1088 311.0247 

5.00 218.471 259.8174 284.7406 323.0759 

6.00 232.221 267.6609 296.6704 331.7412 

7.00 239.3914 271.0304 293.6543 340.3432 

 
Figure 4.7 Overall heat transfer coefficient vs. flow rate
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The effects of the flow rate of fluid (water) and the diameter ratio of the 

outer conical tube on heat transfer characteristics were examined. Figure 4.5 shows 

the heat transfer rate for flow rate ranging from 1 LPM to 7 LPM on outer annulus 

space. In this experiment, the analysis was done for flow through outer tubes 

having diameter ratio 1, 0.882, 0.741 and 0.612. The heat transfer rate for a 

cylindrical shell (diameter ratio 1) heat exchanger varies from 33.91kJ/min at 1 

LPM to 46.89 kJ/min at 7 LPM. Whereas the heat transfer rate in conical shell heat 

exchanger is: 35.17 kJ/min to 52.75 kJ/min for conical HE with diameter ratio 

0.882, 36.42 kJ/min to 52.76 kJ/min for HE with diameter ratio 0.741 and 36.84 

kJ/min to 55.68 kJ/min for HE with diameter ratio 0.612. 

 
Figure 4.8 Relation between Q, m and Do/Di 

Figure 4.6 shows the overall heat transfer coefficient. The overall heat 

transfer coefficient for a heat exchanger having diameter ratio 1 varies with flow 

rate (1 LPM to 7 LPM ) from 171.5 W/m2K to 239.34 W/m2K and it is for heat 

exchangers having diameter ratio of 0.882, 0.741 and 0.612 was 183.9 W/m2K to 

271 W/m2K, 226.8 W/m2K to 293 W/m2K and 251 W/m2K to 340.3 W/m2K 

respectively. So, the overall heat transfer coefficient rises up to 12 % in a conical 

shape heat exchanger having a diameter ratio of 0.882 compared to a cylindrical 

heat exchanger. Same as the overall heat transfer coefficient rises up to 16 % and
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 22 % in conical shape heat exchanger having a diameter ratio of 0.741 and 0.612, 

respectively. From the experimental results, it has been observed that the heat 

transfer rate and the overall heat transfer coefficient improves with the rise in flow 

rate. It has also been observed that the HTR and the overall heat transfer 

coefficients were increase with the decrease in diameter ratio. Improvement in heat 

transfer characteristics in conical outer geometry was due to turbulence generated 

when water passes through the taper section. It happens due to the continuous 

increase in Re Number along the length. Increases of Re Number along the length 

ultimately improve the HTR and performance of the heat exchanger. 

4.5  Regression Analysis 

Regression analysis is a famous mathematical tool which helps to examine 

the corelation between more than one variables. There are numerous types of 

regression analysis, which are used to examine the impact of one or more 

independent parameters on a dependent parameter. 

Regression analysis is a authentic method of identifying variables have an 

impact on a topic of interest. The process of doing a regression analysis helps to 

find which factors affects most, which elements can be ignored, and how these 

variables influence each other. 

To understand regression analysis, it’s essential to comprehend the 

following terms: 

 Dependent Variable: This is the main factor that needs to predict.  

 Independent Variables: These are the factors that you hypothesize 

have an impact on your dependent variable. 

The regression analysis has been used to explain the relationships between 

independent variables and the dependent variable. In regression analysis,  a 

regression equation is determined in which the coefficients represent the 

relationship between each independent variable and the dependent variable. The 

equation can also be used to make predictions. Regression analysis has several 
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variations, such as linear regression, multiple linear regression and nonlinear 

regression. The most common models are a simple linear and a multiple linear. 

Nonlinear regression analysis is commonly used for more complicated data sets in 

which the dependent and independent variables show a nonlinear relationship[119]. 

Regression analysis predicts the dependent variable. For every observed 

value of the dependent variable, the regression model calculates a corresponding 

fitted value. To understand how well the model fits the data, it needs to calculate 

the difference between the observed value and the fitted value. These differences 

represent the error in the model. The experimental values and fitted values were not 

matched precisely. This difference is known as residual. 

Relation among heat transfer rate, mass flow rate and diameter ratio has 

been represented in the below figure. From the figure, it was observed that the heat 

transfer rate increases with the flow rate and decreases with the diameter ratio. 

 
Figure 4.9 3D plot of heat transfer rate, mass flow rate and diameter ratio 

In the present study, it was desired to establish a correlation between heat 

transfer rate, mass flow rate and diameter ratio. Here the effect of mass flow rate 

and diameter ratio on heat transfer rate was investigated by 1) multiple linear 

regression and 2) multivariable nonlinear regression methods.  
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4.5.1 Linear Regression  

To calculate intercept and coefficients of linear regression model, following 

equations have been used[120]. 

𝑌 =  𝑏 + 𝑏 𝑥 +  𝑏 𝑥  

𝑏 =  𝑌 − 𝑏 𝑋 − 𝑏 𝑋  

𝑏 =
(∑ 𝑥 )(∑ 𝑥 𝑦) − (∑ 𝑥 𝑥 )(∑ 𝑥 𝑦)

(∑ 𝑥 )(∑ 𝑥 ) − (∑ 𝑥 𝑥 )
 

𝑏 =
(∑ 𝑥 )(∑ 𝑥 𝑦) − (∑ 𝑥 𝑥 )(∑ 𝑥 𝑦)

(∑ 𝑥 )(∑ 𝑥 ) − (∑ 𝑥 𝑥 )
 

𝑌 =  
∑ 𝑌

𝑁
 

𝑋 =  
∑ 𝑋

𝑁
 

𝑋 =  
∑ 𝑋

𝑁
 

𝑥 = 𝑋 −
(∑ 𝑋 )

𝑁
 

𝑥 = 𝑋 −
(∑ 𝑋 )

𝑁
 

𝑥  𝑦 = 𝑋  𝑌 −
(∑ 𝑋 )(∑ 𝑌)

𝑁
  

𝑥  𝑦 = 𝑋  𝑌 −
(∑ 𝑋 )(∑ 𝑌)

𝑁
  

𝑥 𝑥 = 𝑋 𝑋 −
(∑ 𝑋 )(∑ 𝑋 )

𝑁
  

In the present study, Y represents the dependent variable ( Q – heat transfer 

rate), b0 – interceptor, b1 – coefficient of X1 (m – mass flow rate) and b2 – 
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coefficient of X2 (do/di - diameter ratio). Following table represents value of 

dependent variable and independent variables. 

Table 4.8dependent and independent values 

Y X1 X2 
∑ 𝑿𝟏

𝟐  ∑ 𝑿𝟐
𝟐  ∑ 𝑿𝟏 𝒀  ∑ 𝑿𝟐 𝒀  ∑ 𝑿𝟏 𝑿𝟐  

Q m 
diameter 

ratio 
33.9147 1 1 1 1 33.9147 33.9147 1 
36.4269 1.5 1 2.25 1 54.64035 36.4269 1.5 
37.683 2 1 4 1 75.366 37.683 2 
38.7298 2.5 1 6.25 1 96.82438 38.72975 2.5 
40.1952 3 1 9 1 120.5856 40.1952 3 
41.0326 3.5 1 12.25 1 143.6141 41.0326 3.5 

41.87 4 1 16 1 167.48 41.87 4 
43.3355 4.5 1 20.25 1 195.0095 43.33545 4.5 
43.9635 5 1 25 1 219.8175 43.9635 5 
45.2196 6 1 36 1 271.3176 45.2196 6 
46.8944 7 1 49 1 328.2608 46.8944 7 
35.1708 1 0.882 1 0.777924 35.1708 31.02065 0.882 
38.3111 1.5 0.882 2.25 0.777924 57.46658 33.79035 1.323 
39.3578 2 0.882 4 0.777924 78.7156 34.71358 1.764 

41.87 2.5 0.882 6.25 0.777924 104.675 36.92934 2.205 
42.7074 3 0.882 9 0.777924 128.1222 37.66793 2.646 
43.9635 3.5 0.882 12.25 0.777924 153.8723 38.77581 3.087 
45.2196 4 0.882 16 0.777924 180.8784 39.88369 3.528 
47.1038 4.5 0.882 20.25 0.777924 211.9669 41.54551 3.969 
48.1505 5 0.882 25 0.777924 240.7525 42.46874 4.41 
50.244 6 0.882 36 0.777924 301.464 44.31521 5.292 
52.7562 7 0.882 49 0.777924 369.2934 46.53097 6.174 
36.4269 1 0.741 1 0.549081 36.4269 26.99233 0.741 
38.9391 1.5 0.741 2.25 0.549081 58.40865 28.85387 1.1115 

41.87 2 0.741 4 0.549081 83.74 31.02567 1.482 
42.9168 2.5 0.741 6.25 0.549081 107.2919 31.80131 1.8525 
43.9635 3 0.741 9 0.549081 131.8905 32.57695 2.223 
46.8944 3.5 0.741 12.25 0.549081 164.1304 34.74875 2.5935 
48.5692 4 0.741 16 0.549081 194.2768 35.98978 2.964 
48.9879 4.5 0.741 20.25 0.549081 220.4456 36.30003 3.3345 
50.244 5 0.741 25 0.549081 251.22 37.2308 3.705 
52.7562 6 0.741 36 0.549081 316.5372 39.09234 4.446 
52.7562 7 0.741 49 0.549081 369.2934 39.09234 5.187 
36.8456 1 0.612 1 0.374544 36.8456 22.54951 0.612 
40.1952 1.5 0.612 2.25 0.374544 60.2928 24.59946 0.918 
42.7074 2 0.612 4 0.374544 85.4148 26.13693 1.224 
43.9635 2.5 0.612 6.25 0.374544 109.9088 26.90566 1.53 
46.4757 3 0.612 9 0.374544 139.4271 28.44313 1.836 
48.3599 3.5 0.612 12.25 0.374544 169.2595 29.59623 2.142 
50.244 4 0.612 16 0.374544 200.976 30.74933 2.448 
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50.8721 4.5 0.612 20.25 0.374544 228.9242 31.13369 2.754 
52.3375 5 0.612 25 0.374544 261.6875 32.03055 3.06 
55.2684 6 0.612 36 0.374544 331.6104 33.82426 3.672 
55.6871 7 0.612 49 0.374544 389.8097 34.08051 4.284 

From table 4.7 following values have been derived: 

Table 4.9 derivatives of table 4.7 

∑ 𝑌  ∑ 𝑋   ∑ 𝑋   ∑ 𝑋   ∑ 𝑋   ∑ 𝑋  𝑌  ∑ 𝑋  𝑌  ∑ 𝑋 𝑋   

1961.4 160 35.585 724 29.717039 7517.026 1570.66 129.4 

𝑌 =  
∑ 𝑌

𝑁
= 44.57728 

𝑋 =  
∑ 𝑋

𝑁
= 3.636364 

𝑋 =  
∑ 𝑋

𝑁
= 0.80875 

𝑥 = 𝑋 −
(∑ 𝑋 )

𝑁
= 142.1818 

𝑥 = 𝑋 −
(∑ 𝑋 )

𝑁
= 0.93767 

𝑥  𝑦 = 𝑋  𝑌 −
(∑ 𝑋 )(∑ 𝑌)

𝑁
= 384.6615  

𝑥  𝑦 = 𝑋  𝑌 −
(∑ 𝑋 )(∑ 𝑌)

𝑁
= −15.6220  

𝑥 𝑥 = 𝑋 𝑋 −
(∑ 𝑋 )(∑ 𝑋 )

𝑁
= 0  

Now put above values in equation of interceptor and coefficients: 

𝑏 =
(∑ 𝑥 )(∑ 𝑥 𝑦) − (∑ 𝑥 𝑥 )(∑ 𝑥 𝑦)

(∑ 𝑥 )(∑ 𝑥 ) − (∑ 𝑥 𝑥 )
= 2.70547 

𝑏 =
(∑ 𝑥 )(∑ 𝑥 𝑦) − (∑ 𝑥 𝑥 )(∑ 𝑥 𝑦)

(∑ 𝑥 )(∑ 𝑥 ) − (∑ 𝑥 𝑥 )
= −16.6605 

𝑏 =  𝑌 − 𝑏 𝑋 − 𝑏 𝑋 = 48.2135
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𝑌 = 48.2135 + 2.70547𝑋 − 16.6605𝑋  

𝑄 = 48.2135 + 2.70547𝑚 − 16.6605
𝑑

𝑑
 

To determine consistency of regression model with experimental values R-

square and Adjusted R-square values have been derived. 

Table 4.10 actual and predicted heat transfer rate 

Actual Heat 
transfer rate 

(𝑌) 
𝑌 − 𝑌 (𝑌 − 𝑌)  

Predicted heat 

transfer rate (𝑌) 
𝑌 − 𝑌 𝑌 − 𝑌  

33.9147 -10.6626 113.6906 34.25848 -10.3188 106.4776 
36.4269 -8.15038 66.42869 35.61119 -8.96609 80.39073 
37.683 -6.89428 47.5311 36.9639 -7.61338 57.96352 
38.7298 -5.84753 34.19361 38.31661 -6.26067 39.19596 
40.1952 -4.38208 19.20263 39.66932 -4.90796 24.08805 
41.0326 -3.54468 12.56476 41.02203 -3.55525 12.63978 

41.87 -2.70728 7.329365 42.37474 -2.20254 4.851169 
43.3355 -1.24183 1.542142 43.72745 -0.84983 0.722205 
43.9635 -0.61378 0.376726 45.08016 0.502883 0.252892 
45.2196 0.64232 0.412575 47.78558 3.208304 10.29321 
46.8944 2.31712 5.369045 50.491 5.913724 34.97214 
35.1708 -9.40648 88.48187 36.22442 -8.35286 69.77024 
38.3111 -6.26623 39.26564 37.57713 -7.00015 49.00207 
39.3578 -5.21948 27.24297 38.92984 -5.64744 31.89355 

41.87 -2.70728 7.329365 40.28255 -4.29473 18.44468 
42.7074 -1.86988 3.496451 41.63526 -2.94202 8.655466 
43.9635 -0.61378 0.376726 42.98797 -1.58931 2.525897 
45.2196 0.64232 0.412575 44.34068 -0.2366 0.055978 
47.1038 2.52647 6.383051 45.69339 1.116113 1.245709 
48.1505 3.57322 12.7679 47.0461 2.468824 6.09509 
50.244 5.66672 32.11172 49.75152 5.174244 26.7728 
52.7562 8.17892 66.89473 52.45694 7.879664 62.08911 
36.4269 -8.15038 66.42869 38.57355 -6.00373 36.04473 
38.9391 -5.63818 31.78907 39.92626 -4.65102 21.63195 

41.87 -2.70728 7.329365 41.27897 -3.29831 10.87882 
42.9168 -1.66053 2.75736 42.63168 -1.9456 3.785343 
43.9635 -0.61378 0.376726 43.98439 -0.59289 0.351513 
46.8944 2.31712 5.369045 45.3371 0.759825 0.577333 
48.5692 3.99192 15.93543 46.68981 2.112535 4.462803 
48.9879 4.41062 19.45357 48.04253 3.465245 12.00792 
50.244 5.66672 32.11172 49.39524 4.817955 23.21269 
52.7562 8.17892 66.89473 52.10066 7.523376 56.60118 
52.7562 8.17892 66.89473 54.80608 10.2288 104.6283 
36.8456 -7.73168 59.77888 40.72276 -3.85452 14.85733 
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40.1952 -4.38208 19.20263 42.07547 -2.50181 6.259056 
42.7074 -1.86988 3.496451 43.42818 -1.1491 1.320432 
43.9635 -0.61378 0.376726 44.78089 0.20361 0.041457 
46.4757 1.89842 3.603998 46.1336 1.55632 2.422132 
48.3599 3.78257 14.30784 47.48631 2.90903 8.462457 
50.244 5.66672 32.11172 48.83902 4.26174 18.16243 
50.8721 6.29477 39.62413 50.19173 5.614451 31.52206 
52.3375 7.76022 60.22101 51.54444 6.967161 48.54133 
55.2684 10.69112 114.3 54.24986 9.672581 93.55883 
55.6871 11.10982 123.4281 56.95528 12.378 153.2149 

R-squared and adj R-squared values derived using below equations: 

(𝑌 − 𝑌) = 1379.196 

𝑌 − 𝑌 = 1300.943 

𝑅 − 𝑠𝑞𝑢𝑎𝑟𝑒 =
∑ 𝑌 − 𝑌

∑(𝑌 − 𝑌)
= 0.9432 

𝐴𝑑𝑗 𝑅 − 𝑠𝑞𝑢𝑎𝑟𝑒 = 1 −
(1 − 𝑅)(𝑁 − 1)

𝑁 − 𝑝 − 1
= 0.9404 

From calculations it was observed that R-squared and adj R-squared values 

were 0.9432 and 0.9404 accordingly. It shows predicted values were in good 

consistency with actual values. 

By putting the same values of heat transfer rate, mass flow rate and 

diameter ratio in minitab and excel following results were obtained and compared 

with above calculations. 

Table 4.11 Values of interceptor and coefficients from multivariable linear regression 

  
Calculation Minitab Excel (ANNOVA) 

R-sq 0.9432 0.9402 0.9348 
R-sq (ad) 0.9404 0.9373 0.9315 

Coefficients 
Constant 48.2135 47.78 47.74 

m 2.705 2.705 2.696 
do/di -16.66 -16.13 -16.02 

Equation 
48.21+2.705m-

16.66do/di 
47.78+2.705m-

16.13do/di 
47.74+2.696m-

16.02do/di 

Residual 
+ 3.79 4.06 3.97 
- -7.669 -10.23 -10.28 
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 Regression analysis was carried out considering the R-squared value, 

which shows the closeness with experimental results. The R-squared value of the 

regression model is 0.9432. Equation of the heat transfer rate in the form of flow 

rate and diameter ratio was developed.  The data of the heat transfer rate were fitted 

by the following empirical correlation. 

Q = 48.21 + 2.705(m) – 16.66 (do/di) 

               Fig 4.10 represents the comparison between fitted values of the heat 

transfer rate and experimental data. From the figure, it has been concluded that the 

predicted results are in good agreement with experimental results. The similarity 

between fitted and experimental values is very well within a range of +4 % to -8%. 

In linear regression model R-squared value and Adj-R squared values are 0.9432 

and 0.9404 which shows a better fit for the model. In experimental variables have 

small interval and their values were evenly changed. Hence fitted values and 

experimental values are in good agreement. 

 
Figure 4.10 Predicted vs. observed data (linear regression) 

4.5.2 Nonlinear Regression 

In present work, nonlinear regression was carried out by using power 

model. Procedure of using power model is as below:
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𝑌 = 𝐴 𝑋  𝑋  

𝑇𝑎𝑘𝑒 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 log 𝑜𝑛 𝑏𝑜𝑡ℎ 𝑠𝑖𝑑𝑒𝑠 

ln 𝑌 =  ln 𝐴 + 𝛽 ln 𝑋 + 𝛽 ln 𝑋  

Now above equation can be considered as a linear regression model. So, 

procedure described in section 4.5.1 has been used to derive values of lnA, β1 and 

β2 . To convert above equation from log space to unit space, take antilog of 

intercept A. Following table shows values of parameters involve in nonlinear 

regression model. 

 

4.12 Values of interceptor and coefficients from multivariable nonlinear regression 

R-sq 0.9687 
R-sq (ad) 0.9672 

Coefficients 
Constant A 33.04 

β1 0.1971 
β2 - 0.2864 

Equation 33.04 m(0.1971) do/di (-0.2864) 

Residual 
+ 5 
- -4 

 

4.13 Comparison of linear and nonlinear regression results 

 
Linear Regression Nonlinear Regression 

R-sq 0.9432 0.9687 
R-sq (ad) 0.9404 0.9672 

Coefficients 
Constant A 48.2135 33.04 

β1 2.705 0.1971 
β2 -16.66 - 0.2864 

Equation 48.21+2.705m-16.66do/di 33.04 m(0.1971) do/di (-0.2864) 

Residual 
+ 3.79 5 
- -7.669 -4 

From regression analysis, it was concluded that nonlinear regression fitted 

better with experimental data compared to linear regression model. Fig 4.11 shows 

comaprision of predicted values of linear model and nonlinear model.
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4.14 Heat transfer actual, linear regression and nonlinear regression 

m Do/Di Qact Qlin Qnonlin m Do/Di Qact Qlin Qnonlin 

1.00 1.000 33.91 34.2627 33.044 1.00 0.741 36.43 38.5708 36.0034 

1.50 1.000 36.43 35.6155 35.7932 1.50 0.741 38.94 39.9235 38.9988 

2.00 1.000 37.68 36.9682 37.8814 2.00 0.741 41.87 41.2762 41.274 

2.50 1.000 38.73 38.3209 39.5846 2.50 0.741 42.92 42.6289 43.1299 

3.00 1.000 40.20 39.6736 41.033 3.00 0.741 43.96 43.9816 44.7079 

3.50 1.000 41.03 41.0263 42.2988 3.50 0.741 46.89 45.3343 46.0872 

4.00 1.000 41.87 42.379 43.4269 4.00 0.741 48.57 46.687 47.3162 

4.50 1.000 43.34 43.7317 44.4468 4.50 0.741 48.99 48.0397 48.4275 

5.00 1.000 43.96 45.0844 45.3795 5.00 0.741 50.24 49.3924 49.4437 

6.00 1.000 45.22 47.7898 47.0399 6.00 0.741 52.76 52.0979 51.2528 

7.00 1.000 46.89 50.4953 48.491 7.00 0.741 52.76 54.8033 52.8339 

1.00 0.882 35.17 36.2209 34.2499 1.00 0.612 36.85 40.7248 38.0373 

1.50 0.882 38.31 37.5736 37.0994 1.50 0.612 40.20 42.0775 41.2019 

2.00 0.882 39.36 38.9263 39.2638 2.00 0.612 42.71 43.4302 43.6057 

2.50 0.882 41.87 40.2791 41.0292 2.50 0.612 43.96 44.7829 45.5663 

3.00 0.882 42.71 41.6318 42.5305 3.00 0.612 46.48 46.1356 47.2335 

3.50 0.882 43.96 42.9845 43.8425 3.50 0.612 48.36 47.4883 48.6907 

4.00 0.882 45.22 44.3372 45.0117 4.00 0.612 50.24 48.841 49.9892 

4.50 0.882 47.10 45.6899 46.0689 4.50 0.612 50.87 50.1937 51.1632 

5.00 0.882 48.15 47.0426 47.0356 5.00 0.612 52.34 51.5464 52.2368 

6.00 0.882 50.24 49.748 48.7566 6.00 0.612 55.27 54.2519 54.1481 

7.00 0.882 52.76 52.4534 50.2607 7.00 0.612 55.69 56.9573 55.8186 

 
4.11 Comparison of predicted values by linear and nonlinear regression model 
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4.6  Conclusion of Experimental Study 

In the present study, experiments were carried out to analyze the heat 

transfer rate in the cylindrical and conical outer shell. The flow rate was considered 

as one of the variable parameters and experiments were conducted for 1 LPM to 

7LPM flow rate for both of the outer shell geometry. From the results concluded 

that for concentric tube heat exchanger with low flow rate operating conditions, an 

increase in the HTR is achieved with the use of the conical outer shell.  

Detailed conclusions were drawn: 

 It has been concluded from the results that HTR and overall heat 

transfer coefficient increases with a decrease in diameter ratio. 

 The linear and non-linear correlations were developed relating flow 

rate and diameter ratio. Predicted results was matching with the 

experimental data within + 4 % to -8 % and +5 to -4. 

The experiment can extend for a high flow rate with a conical outer shape 

and further extend with different geometrical shapes. The conical shape at the outer 

shell raises the overall heat transfer rate of the heat exchanger in compared to the 

cylindrical shape. 
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CHAPTER 5 

Exergy Analysis 

5.1   Introduction 

The most commonly used pointer for the efficiency of energy conversion 

processes is the ratio of the output of useful energy either heat or work, to the total 

energy supply. This ratio is known as first law efficiency because it is based upon 

the first law of thermodynamics. It represents a quantitative presentation of energy 

and the conservation of energy. After a time increasing awareness of the energy 

supplies has causes interest in energy conservation. One aim of this renewed 

interest was to search for better method of the efficiencies of energy conversion 

processes. The second law analysis, can be examines the efficiency with which 

available energy is consumed, represents one direction of this search. 

The first law efficiency is silent on the effectiveness with which availability 

is consumed. Analysis on the basis of the second law of thermodynamics can be 

describe the effectiveness with which systems or processes consume available 

energy. For example, when energy sources of high quality (low entropy)  are used 

to supply low quality energy (low grade heat), the wastage of useful work could be 

expressed by second law efficiency but not by first law efficiency. Many 

conversion processes used in space heating and cooling are of this nature[121]. 

Second law analysis helps in design of equipment and operating parameters 

like reducing irreversibility implies larger units of equipment for the same overall 

heat flow at lower thermal gradients. 
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5.2   Entropy Generation and Entropy Generation Number 

Form the Clausius theorem, it was derived that cyclic intergral of the 

quantity (δQ/T) ≥ 0. This poperty is known as entropy which says entropy of an 

isolated system either increase or remain constant[122]. Thermal and frictional 

irreversibility are the main causes of entropy generation. In this study, the entropy 

generation due to friction factor is not included. 

In the absence of gravity, motion, electricity and magnetic effects, the first 

law of thermodynamics for unit mass of substance can be expressed as  

𝛿𝑞 = 𝑑ℎ +  𝛿𝑤 

But in ony heat transfer process work done is zero and pressure remain 

constant. So,  

𝛿𝑤 = 0 

So, 

𝛿𝑞 = 𝑑ℎ 

But,     𝑑ℎ = 𝐶 𝑑𝑇 

Hence,     𝛿𝑞 =  𝐶 𝑑𝑇 

𝛿𝑞

𝑇
=  𝐶

𝑑𝑇

𝑇
 

𝑑𝑠 =  𝐶
𝑑𝑇

𝑇
 

Integrating both sides, we get 

𝑑𝑠 = 𝐶
𝑑𝑇

𝑇
 

𝑠 − 𝑠 =  𝐶 ln
𝑇

𝑇



Entropy Generation and Entropy Generation Number 
 

99 
 

∆𝑆 =  𝑆 = 𝑚𝐶 ln
𝑇

𝑇
 

 Hence, the entropy generation equation for cold and hot sides of the heat 

exchanger can express as follow[123]: 

𝑆 = 𝑆 + 𝑆  

𝑆 = 𝑚𝐶 ln
𝑇

𝑇
+ 𝑚𝐶 ln

𝑇

𝑇
 

Entropy generated during the heat transfer process was as per table 5.1 – 

5.4. 

Table 5.1 Entropy gnerated in straight pipe heat exchanger 

Hot 

water 

Flow 

rate 

(LPM) 

(Tin)h 

° C 

(Tout)h 

° C 

Cold 

water 

Flow 

rate 

(LPM) 

(Tin)c 

° C 

(Tout)c 

° C 

𝑺𝒈𝒆𝒏 𝒉
 

kJ/K 

𝑺𝒈𝒆𝒏 𝒄
 

kJ/K 

𝑺𝒈𝒆𝒏 

kJ/K 

1 62.8 54.8 1 26 34.1 -0.10096 0.111918 0.010961 

1 63.5 54.8 1.5 27.3 33.1 -0.10968 0.120145 0.010469 

1 62.1 53.1 2 25.8 30.3 -0.11399 0.125174 0.011184 

1 61.8 52.6 2.5 26.3 30 -0.11667 0.128608 0.011942 

1 60.5 51 3 24.1 27.3 -0.121 0.134568 0.013567 

1 62 52.4 3.5 26.5 29.3 -0.12174 0.136367 0.014629 

1 61.9 52.2 4 27.1 29.6 -0.12306 0.138942 0.01588 

1 62.7 52.8 4.5 26.9 29.2 -0.12533 0.143948 0.018614 

1 62.8 52.6 5 27.2 29.3 -0.12915 0.145938 0.016785 

1 60.9 50.2 6 26.1 27.9 -0.13637 0.150732 0.014361 

1 61.5 50.4 7 26.4 28 -0.1413 0.156211 0.014912 

 

Table 5.2 Entropy Generated in conical heat exchanger of diameter ratio 0.882 



Exergy Analysis 
 

100 
 

Hot 

water 

Flow 

rate 

(LPM) 

(Tin)h 

° C 

(Tout)h 

° C 

Cold 

water 

Flow 

rate 

(LPM) 

(Tin)c 

° C 

(Tout)c 

° C 

𝑺𝒈𝒆𝒏 𝒉
 

kJ/K 

𝑺𝒈𝒆𝒏 𝒄
 

kJ/K 

𝑺𝒈𝒆𝒏 

kJ/K 

1 63.4 55 1 27.2 35.6 -0.10588 0.115549 0.009671 

1 62.8 53.8 1.5 26.3 32.4 -0.11375 0.126715 0.012965 

1 63.2 53.9 2 28.1 32.8 -0.11745 0.129704 0.01225 

1 61.7 52.1 2.5 27.4 31.4 -0.12185 0.138461 0.016612 

1 62.4 52.6 3 28.2 31.6 -0.12416 0.140997 0.016834 

1 62.4 51.8 3.5 26.3 29.3 -0.13446 0.146156 0.011694 

1 61.4 50.7 4 27.3 30 -0.13616 0.149909 0.013744 

1 62.7 51.7 4.5 26.9 29.4 -0.1395 0.156414 0.016919 

1 61.4 50.1 5 27.4 29.7 -0.14393 0.159677 0.015745 

1 61.5 50.4 6 27.4 29.4 -0.1413 0.166703 0.025404 

1 63.8 52 7 28.4 30.2 -0.14933 0.174517 0.025191 

 

Table 5.3 Entropy generation in conical heat exchanger of diameter ratio  0.741 

Hot 

water 

Flow 

rate 

(LPM) 

(Tin)h 

° C 

(Tout)h 

° C 

Cold 

water 

Flow 

rate 

(LPM) 

(Tin)c 

° C 

(Tout)c 

° C 

𝑺𝒈𝒆𝒏 𝒉
 

kJ/K 

𝑺𝒈𝒆𝒏 𝒄
 

kJ/K 

𝑺𝒈𝒆𝒏 

kJ/K 

1 62.2 53.6 1 30.2 38.9 -0.10883 0.11845 0.009625 

1 61.5 52.3 1.5 29.6 35.8 -0.11677 0.127381 0.01061 

1 62.9 53 2 28.3 33.3 -0.12526 0.137824 0.012565 

1 63.6 53.5 2.5 29.8 33.9 -0.12756 0.140782 0.013224 

1 61.7 51.5 3 30 33.5 -0.12958 0.144262 0.014679 

1 63.1 52.4 3.5 29.5 32.7 -0.13546 0.154209 0.018744 

1 60.9 50.2 4 28.9 31.8 -0.13637 0.160111 0.023739 

1 61.8 51 4.5 30.4 33 -0.13729 0.160775 0.023484 
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1 63.4 52.4 5 30.8 33.2 -0.1392 0.164735 0.025535 

1 63.2 51.6 6 30.2 32.3 -0.14702 0.173398 0.026382 

1 62.5 50.6 7 29.2 31 -0.15121 0.174056 0.022848 

 

Table 5.4 Entropy generated in conical heat exchanger of diameter ratio 0.612 

Hot 

water 

Flow 

rate 

(LPM) 

(Tin)h 

° C 

(Tout)h 

° C 

Cold 

water 

Flow 

rate 

(LPM) 

(Tin)c 

° C 

(Tout)c 

° C 

𝑺𝒈𝒆𝒏 𝒉
 

kJ/K 

𝑺𝒈𝒆𝒏 𝒄
 

kJ/K 

𝑺𝒈𝒆𝒏 

kJ/K 

1 60.4 51.6 1 30.9 39.7 -0.112 0.11952 0.007521 

1 62.3 52.9 1.5 31.5 37.9 -0.11906 0.130636 0.011578 

1 62.6 52.6 2 31.8 36.9 -0.12666 0.138957 0.012299 

1 61.9 51.5 2.5 32.2 36.4 -0.13208 0.143066 0.010981 

1 56.6 46 3 26.5 30.2 -0.13687 0.154227 0.017359 

1 62.8 51.7 3.5 32.3 35.6 -0.14074 0.157551 0.016809 

1 63.2 52.4 4 32.6 35.6 -0.13671 0.163609 0.026899 

1 63.5 52.1 4.5 32.4 35.1 -0.14431 0.165843 0.021537 

1 62.6 51 5 31.7 34.2 -0.14728 0.171066 0.023783 

1 63.5 51.6 6 31.9 34.1 -0.15075 0.180616 0.029866 

1 63.1 51.1 7 32 33.9 -0.15223 0.182014 0.029789 

The entropy generation number was express by the following equation: 

𝑁 =
𝑆

𝐶
 

Table 5.5 Entropy generation number in different heat exchanger 

Hot water 

Flow rate 

(LPM) 

Cold water 

Flow rate 

(LPM) 

Entropy Generation number in Heat exchanger 

Straight 
Conical 

(0.882) 

Conical 

(0.741) 

Conical 

(0.612) 

1 1 0.002618 0.00231 0.00229878 0.001796 

1 1.5 0.0025 0.003097 0.00253398 0.002765 
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1 2 0.002671 0.002926 0.00300102 0.002937 

1 2.5 0.002852 0.003967 0.00315827 0.002623 

1 3 0.00324 0.004021 0.00350578 0.004146 

1 3.5 0.003494 0.002793 0.00447679 0.004015 

1 4 0.003793 0.003283 0.00566973 0.006425 

1 4.5 0.004446 0.004041 0.00560883 0.005144 

1 5 0.004009 0.00376 0.00609873 0.00568 

1 6 0.00343 0.006067 0.00630091 0.007133 

1 7 0.003562 0.006016 0.00545679 0.007115 

To clarify the augmentation effects on the heat exchanger enhancement, a 

non-dimensional parameter is derived and termed as exergy destruction 

number[124]: 

𝑁 =
𝑁 ,

𝑁 ,
 

Table 5.6 Exergy Destruction Number 

Hot water 

Flow rate 

(LPM) 

Cold water 

Flow rate 

(LPM) 

Exergy Destruction Number 

Conical 

(0.882) 

Conical 

(0.741) 

Conical 

(0.612) 

1 1 0.882314 0.878143 0.686174 

1 1.5 1.238474 1.01346 1.105968 

1 2 1.095394 1.123552 1.099712 

1 2.5 1.390991 1.107281 0.919496 

1 3 1.240844 1.081954 1.279544 

1 3.5 0.799392 1.281332 1.149038 

1 4 0.86553 1.494947 1.693961 

1 4.5 0.908935 1.261651 1.157032 

1 5 0.938054 1.521335 1.416911 

1 6 1.768983 1.83706 2.079644 

1 7 1.689253 1.53211 1.997596 

Average 1.165288 1.284802 1.325916 
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Figure 5.1 Exergy destruction number 

5.3  Conclusion 

From exergy analysis using second law efficiency, it was concluded that 

entropy generation increased with flow rate and also entropy generation number 

except for the condition when the flow rate of cold fluid and hot fluid were the 

same. It was also increased as the conical shape becomes more taper means 

increases with a decrease in diameter ratio. The same situation was arising for the 

Exergy destruction number. It also increased with flow rate and decreased with a 

diameter ratio. It was observed that exergy destruction was more than one for most 

cases, which shows the non-favorable condition and for case 3 ( diameter ratio 

0.612), the exergy destruction number was highest.  
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CHAPTER 6 

Result Discussion and Future Scope 

In the present study, many heat transfer enhancement techniques have been 

reviewed. Most of the enhancement techniques were passive type, which does not 

require external power. In the tube-tube heat exchanger, twisted tapes of different 

configurations have been analyzed by researchers. But the effect of changes in the 

shape of the outer shell was an unattended topic in enhancement techniques. Hence 

the effect of a conical shape on heat transfer characteristics of the tube in tube heat 

exchanger was investigated in the present study. The results of different analyses 

have been discussed in this chapter. 

6.1 Theoretical Analysis 

The conical shell and cylindrical tube heat exchanger analyzed theoretically 

considering the continuity equation and previously published correlations of 

Nusselt number. From the continuity equation of conical shape, it was concluded 

that the velocity of fluid increases with decreases in the diameter of conical shape 

means as the fluid moves towards the taper part of the conical shape velocity of 

fluid increase accordingly. An increase in velocity would increase Reynolds 

number and turbulence, which ultimately improves heat transfer coefficients and its 

characteristics. So, the heat transfer coefficient increases with an increase in flow 

rate and it also increases with a decrease in diameter ratio. 

In the theoretical analysis of the present study, several empirical 

correlations have been used to understand the effect of conical shape on the heat 

transfer coefficient of the tube-tube heat exchanger. For study purpose, three heat 

exchangers of different diameter ratios have been chosen among them 1 was 

straight (diameter ratio 1) and the others were conical with diameter ratio (0.884 

and 0.765). Results of straight pipe were compared with conical shell and observed 

that the overall heat transfer coefficient improves up to 11 % and 26 % in the 
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conical shell of diameter ratio 0.884 and 0.765 respectively. It was also observed 

that the overall heat transfer coefficients increase exponentially with a linear 

decrement in diameter ratio. The improvement in the overall heat transfer 

coefficient was higher at a low flow rate compared with the same parameter at a 

higher flow rate. Foust & Christian’s correlation represents fewer rises in overall 

heat transfer coefficient in a conical shape and McAdams’ correlation shows a 

highest rise in the overall heat transfer coefficient. Weigand and McAdams’s 

results are coinciding. 

6.2 Experimental investigation 

The effect of conical shape experimentally investigated considering 

different specifications of the conical shell. Four heat exchangers were constructed 

by using epoxy resin and glass fiber material for the outer shell and copper for 

inner tube material. Among them, one was a straight pipe and the remaining three 

were conical. The overall heat transfer coefficients were calculated using a 

logarithmic mean temperature difference method. To understand the effect of the 

outer shell, the flow rate in the outer shell varies from 1 LPM to 7 LPM, and the 

flow rate in the inner pipe remains constant as 1 LPM. From the results, it was 

concluded that the behavior of the overall heat transfer coefficient was the same as 

predicted in theoretical analysis. The overall heat transfer coefficient rises by 12%, 

16% and 22 % in conical shell compared to cylindrical shell. 

A mathematical model of the heat transfer rate was developed by using a 

multiple linear and regression nonlinear model. The mathematical model had good 

R-square values which show the mathematical model was well fit. The results of 

mathematical models were in good agreement with experimental results. Error in 

results from mathematical and from experiments was in between +4 % to -10 %. 

6.3 Exergy Analysis 

Exergy analysis was carried out considering second law efficiency to 

understand how efficiently heat exchanges took place. In exergy analysis, entropy 

generated during the process was calculated. From the value of entropy generated, 

the exergy destruction number was calculated. Exergy destruction number was less 

than one for straight pipe only and for the conical shape it was more than one which 
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does not show a favorable situation. It was also observed that the exergy destruction 

number was increased as the conical shape becomes more taper. 

6.4 Advantages and Disadvantages  

Advantages are as below: 

 The overall weight of the system would not increase as there is no 

extra attachment or inserts are placed in this system 

 Increase heat transfer rate with the same weight, volume and size  of 

the heat exchanger 

 Manufacturing of conical shape is easy compared to other heat 

transfer enhancement techniques 

 Extra power supply or any extra equipment not required to enhance 

heat transfer rate 

 Low maintenance cost 

Disadvantages: 

 Its exergy destruction number is more than one which shows a non 

favorable condition 

 Its construction is a little bit complex compared to a cylindrical 

shape heat exchanger                                        

6.5 Future Scope  

Typically the concentric tube heat exchanger has both inner and outer tubes 

are in a cylindrical shape. But in this study, analysis of heat transfer characteristics 

in a conical shell and circular tube heat exchanger has been analyzed. In a conical 

shape, cross section area continuously decreasing and this reduction is linear. So, 

there is a scope of studying the effect of inner and outer both tubes conical shape 

with different orientations like increasing taper in same direction, increasing taper 

in opposite direction. Heat transfer analysis in stepped conical shell also required to 

study. It may be possible to use internal fins of different geometry like straight, 

curved, triangular, etc inside conical shell. There is also a scope to analyze heat 

transfer characteristics in the parabolic shape heat exchanger. Heat transfer in 
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conical shell could be analyzed by arranging shell at different angle specially in 

case of natural convection. Manufacturing a conical shape with larger length is 

difficult. So, modern manufacturing techniques aimed at developing conical shape 

with large length are important for future studies. 

Now a day’s heat transfer enhancement techniques are used in combination 

with other techniques like shape change with twisted tape in inner pipe, straight fin 

on outside of inner pipe with conical shell, etc which is also known as second 

generation techniques. So, it is possible to study heat transfer characteristics in 

conical shell heat exchanger with twisted tape insert, winglets, etc in inner tube. 

Corrugated pipe can also be used as heat transfer enhancement technique. So, effect 

of corrugated conical shell on heat transfer characteristics should be analyzed. 

There is also scope of analyzing heat transfer in conical shell heat 

exchanger with active heat transfer enhancement techniques like, pulsating flow, 

vibration, acoustic, ultrasound, rotating twisted tape in inner pipe, etc. 
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