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A B S T R A C T   

With the growing need for more energy, it is imperative to design efficient heat exchangers that are simpler, 
cheaper to manufacture, have higher heat transfer rates, and low in pressure drop. One of these heat exchangers 
is the double tube heat exchanger that is used in many industries. From past to present, double tube heat ex-
changers have caught the attention of researchers because of their simplicity and wide range of applications. This 
review paper contains a critical analysis of the impact of different passive methods on the heat transfer and fluid 
flow characteristics of the fluid in double tube heat exchangers. There are different techniques to increase the 
heat transfer rate in double tube heat exchangers, such as turbulator insertion, extended surface (fin), in tube 
geometry change, nanofluids and a combination of these techniques. All these techniques are reviewed in detail 
to determine the heat transfer rate and friction factor enhancement in the double tube heat exchangers. Sta-
tistical analysis was provided to compare the impacts of these different techniques on the heat transfer and fluid 
flow characteristics of the double tube heat exchanger performance. It was concluded that a combination of 
turbulator inserts and nanofluids is the best technique to increase the heat transfer rate. Also, this technique 
provides the highest potential for heat transfer enhancement based on the standard deviation. On the other hand, 
extended surface (fin) is the worst-performing technique because of the high friction factor. This review article 
provides new ideas and gaps in the present knowledge for further investigations.   

1. Introduction 

A heat exchanger is a device used to transfer thermal energy between 
two or more fluids, separated by solid material. The applications of heat 
exchangers are extensive in industries where it is used to crystallize, 
concentrate, distil, fractionate, pasteurize, sterilize and control a process 
fluid. Some common heat exchangers are cooling towers, air preheaters, 
evaporators, condensers, automobile radiators, and shell and tube ex-
changers. Heat exchangers are classified in many ways, for example, 
according to the transfer process, the number of fluids, surface 
compactness, construction, flow arrangements, and heat transfer 
mechanisms. One of the standard classifications is based on the con-
struction of heat exchangers (Fig. 1). These classifications are divided 
into four subcategories: tubular, plate-type, extended surface, and 
regenerative. The tubular section is divided into four subcategories: 
double-pipe, shell and tube, spiral tube, and pipe coil [1, 2]. 

One of the common heat exchangers is the double tube heat 

exchanger (DTHE). These are used widely in industries and engineering 
applications such as refrigeration, air-conditioning, power plant, solar 
water heater and the process industry [3]. The main advantages of 
DTHEs are working with high pressure and temperature of working 
fluids, simple maintenance, modular construction, cost-effectiveness, 
and its simplicity (consisting of two concentric tubes) [4]. The pur-
pose of using DTHEs is to transfer heat between the cold and hot regions 
(Fig. 2). The flow directions of hot and cold fluids in DTHEs can either be 
parallel or counter. It is crucial and challenging for researchers to find 
ways and solutions to increase the DTHE’s heat transfer rate and effi-
ciency. In this regard, extensive research carried out experimentally and 
numerically related to DTHEs to enhance heat transfer and improve fluid 
characteristics. 

One of the earliest publications related to DTHEs dates back to 1928 
[5]. The research into DTHEs expanded rapidly after 1928 and was 
divided into different categories. Some scholars focused on geometry 
change and the insertion of elements in inner and outer tubes [6, 7]. 
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Other researchers investigated different shapes of fins, and others 
investigated different working fluids such as nanofluids [8, 9]. Using 
external forces such as magnetic field and vibration was the interest of 
some scholars in the subsequent years[10–12]. 

This paper aims to provide a comprehensive review of the effects of 
the passive method such as turbulator insertion, nanofluids, geometry 
change, and different fin shapes on the heat transfer and performance of 
DTHEs. 

2. Important definitions 

2.1. Thermal performance factor 

The thermal performance factor,η, is used to evaluate the perfor-
mance of different techniques such as inserting turbulator, extended 
surface (fin), geometry change, using nanofluids in heat exchangers. It is 
a function of the heat transfer coefficient, Reynolds number and friction 
factor. For a particular fluid flow condition, if a method increases the 
heat transfer coefficient significantly with a minimum increase in the 
friction factor, it will produce a high thermal performance factor. The 
thermal performance factor is expressed as: 

η =
Nu/Nu0

(f/f0)
1/3 (1) 

Where Nu, f, Nu0, and f0 are the Nusselt number and friction factor 
for a tube with and without insert configuration, respectively. 

The Nusselt number is an important measure of the convective heat 
transfer that can contribute to a better heat transfer rate. This parameter 
is expressed as: 

Nu =
hd
k

(2) 

Where h is the convective heat transfer coefficient, d is the diameter 
of the tube, and k is the thermal conductivity. 

Measurement of pumping power is defined as friction factor. The 
friction factor for a tube can be expressed as: 

f =
ΔP

(ρu2)(L/dH)
(3) 

Where ΔP is the pressure change across the test section, ρ is the fluid 
density, dH is the hydraulic diameter of the tube, u is the velocity of the 
fluid, and L is the length of the tube [13]. 

3. Heat transfer enhancement methods in DTHE 

Enhancing the heat transfer rate in DTHEs is divided into three main 
methods: active, passive, and compound. In the active method, some 
external forces and energy are used to improve the heat transfer rate in 
the heat exchangers. For example, establishing a magnetic field for flow 
disturbance, using flow or surface vibration, rotating tubes and recip-
rocating plungers, pulsation by cams, and mechanical aids [14–18]. This 
method has limited practical applications because it needs extra 
equipment and instruments to add energy. The potential of the active 
method is less than the passive method as it is difficult to exert external 
energy in most cases [19]. 

In the passive methods of increasing heat transfer rate, external 
forces are not used to enhance the heat transfer rate in DTHEs. Some 

Fig. 1. Classification of heat exchangers according to construction.  

Fig. 2. Counterflow double tube heat exchanger.  

Fig. 3. A schematic diagram of the test section [46].  
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examples of passive methods to create turbulence in the flow field are 
inserting fins, coiled wires, swirl flow inducement, and wall roughness. 
In general, the passive method is preferred compared to the active 
method because, in this method, there is no need for external forces and 
its cost-effectiveness [20, 21]. 

Using two or more methods of the passive and active method 
together to increase the heat transfer rate and performance of heat ex-
changers is known as the compound method [22–26]. Using various 
enhancement methods together increases the heat transfer coefficient in 
heat exchangers because of interactions among methods compared to 
just using one method. This compound method takes advantage of both 

the external forces and induces turbulence in the flow to increase the 
heat transfer rate [27]. 

3.1. Passive method 

In the passive method, there is no external forces and energy for 
increasing the heat transfer. Researchers find the passive method widely 
attractive because of the cost-effective manufacturing, no external 
forces, simple to set up, and low maintenance requirements. It should be 
mentioned that the detrimental effect of the passive methods is the 
increased pumping power due to the increase of the friction factor. 
Generally, passive methods are proposed to attain a high heat transfer 
rate with the smallest energy input for pumping fluids [4, 28]. There-
fore, many studies have been conducted experimentally and numerically 
focused on this method to increase heat transfer. Some of the main 
techniques are turbulator insertion, extended surface area (fins), ge-
ometry changes, and using nanofluids. 

In this paper, passive methods are divided into insertion elements as 
turbulator insertion, using different shapes of fins as extended surface 
area and modification in tubes and tube’s wall (different roughness) as 
geometry change, and using nanofluids. With the passive method, the 
key factors that decrease the thermal boundary layer are creating sec-
ondary flow, disturbance, turbulence, and increasing the surface area.  

• Turbulator insertion 

Turbulator insertions are used to induce disturbance and perturba-
tion in the flow. This is achieved by inserting the coiled wire, twisted 
tape, and louvered strip.  

• Extended surface area (fins) 

Fins are used to increase surface area, creating secondary flow and 
turbulence in the flow.  

• Geometry change 

Changing tubes’ cross-sections, different shapes of tube walls, and 

Fig. 4. Louvered strips with forward and backward arrangements [47].  

Fig. 5. (a) self-rotating twisted tapes and stationary twisted tape with the same 
geometry; (b) Pictorial view of self-rotating twisted tapes with different twist 
ratios [48]. 
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Table 1 
Summary of information on different turbulators insertion compared to a conventional DTHE.  

Author Configuration Conditions Findings 

Akpinar [51] Helical wire  Experimental 
Re: 6500–13,000 
Inner: hot air 
Outer: cold water 
Parallel and Counter flow  

ü Increase of Nusselt number: 164%  
ü Increase of friction factor: 174% 

Naphon [6] Twisted tape  Experimental 
Re: 7000–23,000 
Inner: hot water, temperature: 
40–45 ◦C 
Outer: cold water, 
temperature: 15–20 ◦C 
Counter flow  

ü Increase of heat transfer rate coefficient: up to 253%  
ü The overall heat transfer coefficient decreases by 

increasing the Reynolds number. 

Eiamsa-ard, 
Pethkool [47] 

Louvered strip  Experimental 
Re: 6000–42,000 
Inner: hot water, temperature: 
25 ◦C 
Outer: cold water, 
temperature: 25 ◦C 
Counter flow  

ü Increase of average Nusselt number: 284%  
ü Increase of friction factor: 413% 

Yadav [52] Half-length twisted tape inserted in U-bend [53]   Experimental 
Inner: hot oil 
Outer: cold water, 
temperature: 25 ◦C 
Counter flow  

ü Increase of heat transfer: 40%  
ü Thermal performance of smooth tube is better than half- 

length twisted tape by 30%  
ü Thermal performance of plain heat exchanger is better 

than half-length twisted tape by 30 to 50% 

Shashank and Taji  
[54] 

Coil wire with different materials (copper, aluminum, and 
stainless steel) [42]   

Experimental 
Re: 4000–13,000 
Inner: hot water 
Outer: cold water 
Counter flow  

ü The increase of heat transfer for copper, aluminum, and 
stainless steel: 58, 41, and 31%  

ü The increase of friction factor for aluminum, stainless 
steel and copper: 570, 490, and 440%  

ü The friction factor increases with decreasing coil wire 
pitch 

Sheikholeslami, 
Hatami [55] 

Agitator  Experimental 
Re: 6000–12,000 
Inner: hot water, temperature: 
70, 80, 90 ◦C 
Outer: cold air 
Counter flow  

ü Inserting the agitator in the inner tube increases the heat 
transfer rate  

ü Enhancement of heat transfer decreases with increase of 
Reynolds number 

Moya-Rico, Molina  
[56] 

Experimental 
Re: 6000–12,000  

ü Increase of heat transfer: up to 80%  
ü Increase of pressure drop: up to 50% 

(continued on next page) 
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Table 1 (continued ) 

Author Configuration Conditions Findings 

Twisted tape  Inner: hot sugar-water mix, 
temperature: 57, 46, 32, and 
17 ◦C 
Outer: cold propylene glycol, 
temperature: constant inlet 
8 ◦C 
Counter flow  

ü Nusselt number and friction factor is higher in the 
shorter spacer 

Slaiman and Znad  
[57] 

Wire coil [58]   Experimental 
Re: 5000–40,000 
Inner: hot water, temperature: 
60 and 70 
Outer: cold water 
Counter flow  

ü Increase of heat transfer: up to 143%  
ü Increase of pressure drop: up to 375%  
ü Maximum Nusselt number enhancement occurred at Re: 

5000  
ü Heat transfer enhancement is more effective at low 

values of Reynolds number than high values 

Padmanabhan, 
Reddy [59] 

Helical wire insertion  Numerical 
Inner: cold water, 
temperature: inlet 28 ◦C 
Outer: hot water, 
temperature: inlet 90 ◦C 
Counter flow  

ü Increase of heat transfer coefficient: up to 63.91%  
ü The wall thermal transmission and heat flux increase by 

reducing the pitch gap 

Ibrahim [45] Helical screw-tape  Experimental 
Re: 570–1310 
Inner: cold water 
Outer: hot water 
Counter flow  

ü Increase of Nusselt number: 115%  
ü Increase of friction factor: 60%  
ü The Nusselt number increase increases with the increase 

of Reynolds number and with the decrease in spacer 
length twist ratio 

Pourahmad and 
Pesteei [60] 

Wavy strip  Experimental 
Re: 3000–13,500 
Inner: hot water, temperature: 
54 ◦C 
Outer: cold water 
Counter flow  

ü Increase of effectiveness: up to 71%  
ü Increase of friction factor: up to 600%  
ü The effectiveness increases with the increase of Reynolds 

number and increases with the decrease of the wavy strip 
angle  

ü The effectiveness and Number of Transfer Units (NTU) 
have a maximum value at the angle of 45◦

Murugesan, 
Mayilsamy [61] 

Experimental 
Re: 2000–12,000 
Inner: hot water, temperature: 
54 ◦C 
Outer: cold water, 
temperature: 30 ◦C 
Counter flow  

ü Increase of Nusselt number with and without cut: 150% 
and 100%  

ü Increase of friction factor with and without cut: 470% 
and 280%  

ü The V-cut twisted tape offered a higher heat transfer 
rate, friction factor and thermal performance factor 
compared to the plain twisted tape 

(continued on next page) 
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Fig. 6. Inner tubes with helical fins and vortex generators on its outer 
wall [87]. 

Fig. 7. Models of double-pipe heat exchangers with longitudinal fins and he-
lical fins (a) and (b) Longitudinal (c) and (d) Helical [88]. 

Table 1 (continued ) 

Author Configuration Conditions Findings 

With and without V-cut twisted tape  

Wijayanta, 
Kristiawan [62] 

Square-cut Twisted Tape  Numerical 
Re: 8000–18,000 
Inner: hot water 
Outer: cold 
Counter flow  

ü Increase of Nusselt number with and without cut: 80.7% 
and 74.4%  

ü Increase of friction factor with and without cut: 230% 
and 200%  

ü The decrease of the pitch ratio leads to the increase of 
efficiency, Nusselt number and friction factor  

Fig. 8. Schematic of DTHEs with (a) normal longitudinal fins and (b) split 
longitudinal fins [89]. 
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roughness increases the heat transfer by creating turbulence and 
increasing surface area. Some examples are corrugated tubes, helical 
tubes, and different cross-sections of tubes.  

• Nanofluids 

Nanofluids are used to increase heat capacity, the thermal conduc-
tivity of the base fluid, fluctuations and turbulence in the fluid flow.  

• Combination of different techniques 

The key factors of different techniques interact with each other in 
this method to increase the heat transfer rate. 

4. Impact of different passive methods on the heat transfer and 
fluid flow characteristics of DTHE 

One of the critical mechanisms to increase heat transfer between 
tube wall and fluid flow is reducing the thickness of the thermal 
boundary layer. The thickness of the thermal boundary layer is affected 
by the condition of fluid flow, which is smaller in the turbulent flow. 
Therefore, the heat transfer in the turbulent flow is faster than laminar 
flow because the eddies convey the thermal energy quickly in the tur-
bulent flow and the thickness of the thermal boundary layer is smaller in 
the turbulent flow [28, 29]. This section discusses the impact of different 
passive methods on the heat transfer and fluid flow properties in a 
DTHE. 

4.1. Turbulator insertion 

Inserting turbulators are simple, easy, cost-effective, and produce a 
good performance in heat exchangers. Turbulator insertion increases 
heat transfer by mixing fluid and creating turbulence in the flow. In this 
way, the thermal boundary decreases, and the convective heat transfer 
improves [19]. There are different turbulators insertion to enhance the 
heat transfer in DTHEs, such as coiled wire, twisted tape, and louvered 
strip [30–38]. These elements are generally used in the inner tube since 
there is a greater heat transfer improvement [39]. 

There are many publications [40–44] on the effects of twisted tape, 
coiled wire, and louvered strip elements on the heat transfer and fluid 
flow properties in a DTHE. Turbulator insertion makes flows swirl and 
changes fluid velocity near the wall because of various vorticity distri-
butions in the vortex core of the tube. The swirl flow induces a tangential 
velocity component that enhances flow mixing between the tube core 
and near-wall region. Although the heat transfer increased with swirl 
flow, the pressure drag and shear stress in the tube also increased 
because of the coiled wire, twisted tape, and louvered strip [45]. 

Naphon [6] experimentally studied typical twisted tape configura-
tion with different pitches in a double tube heat exchanger. The working 
fluids were hot water for the inner tube and cold water for the outer 
tube. They found that inserting twisted tape increases the heat transfer 
coefficient and pressure drop compared to a simple double tube heat 
exchanger. The overall heat transfer coefficient increased by 254% and 
decreased by increasing the Reynolds number. 

Naphon [46] experimentally studied the heat transfer characteristics 
and pressure drop of a DTHE with coil wire insert (Fig. 3). Cold and hot 

Fig. 9. Different fin-tip thickness [91].  
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Table 2 
Summary of information on different extended surface compared to a conventional DTHE.  

Author Configuration Conditions Findings 

Braga and Saboya [8] Longitudinal rectangular fins  Experimental and 
numerical 
Re: 10,000–50,000 
Inner: hot water, 
temperature: 98 ◦C 
Outer: cold air, 
temperature: 10–25 ◦C 
Parallel flow  

ü The fin or the region efficiency are known functions of 
the Reynolds number of the airflow and thermal 
conductivity of the fin material 

Zhang, Guo [83] Helical fins and vortex generators [87]   Experimental 
Re: 6627–13,387 
Inner: steam, temperature: 
100 ◦C 
Outer: cold air, 
temperature: 24–28 ◦C 
Counter flow  

ü Increase of heat transfer: up to 46%  
ü Increase of pressure drop: up to 146%  
ü Heat exchanger with helical fins and vortex generators 

have better performance than heat exchangers only with 
helical fins at shorter pitch ratio 

Zohir, Habib [92] Coil wire around outer surface of inner tube [39]   Experimental 
Re: 4000–14,000 
Inner: hot water, 
temperature: 65 ◦C 
Outer: cold water, 
temperature: 25 ◦C 
Parallel and counter flow  

ü Increase of heat transfer: 450% for counterflow and 
400% for parallel flow  

ü The Nusselt number increases with Reynolds number 
and pitch ratio 

Sheikholeslami, Gorji- 
Bandpy [93] 

Typical and perforated circular-ring  Experimental 
Re: 6000–12,000 
Inner: hot water 
Outer: cold air, 
temperature: 28 ◦C 
Counter flow  

ü Increase of Nusselt number with and without holes: 48% 
and 56%  

ü Increase of friction factor with and without holes: 310% 
and 650%  

ü Nusselt number and friction factor decrease by 
increasing the pitch ratio and number of perforated hole 

Sheikholeslami, Gorji- 
Bandpy [94] 

Typical and perforated discontinuous helical  Experimental 
Re: 6000–12,000 
Inner: hot water 
Outer: cold air, 
temperature: 28 ◦C 
Counter flow  

ü Increase of Nusselt number with and without holes: 62% 
and 76%  

ü Increase of friction factor with and without holes: 46% 
and 610%  

ü Nusselt number and friction factor decrease with the 
increase of pitch ratio and perforated hole 

(continued on next page) 
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Table 2 (continued ) 

Author Configuration Conditions Findings 

Karanth and Murthy  
[95] 

Rectangular, triangular and concave parabolic fin [88]   Numerical 
Re: 3000–20,000 
Inner: hot water, 
temperature: 59 ◦C 
Outer: cold water, 
temperature: 30 ◦C 
Parallel flow  

ü Increase of heat transfer: 128%  
ü Increase of pressure drop: 368%  
ü Rectangular fin has the highest heat transfer rate and 

pressure drop compared to triangular and concave 
parabolic fin 

El Maakoul, Laknizi  
[96] 

Continuous helical baffle  Numerical 
Re: 6000–72,000 
Inner: hot water, 
temperature: 36–40 ◦C 
Outer: cold water, 
temperature: 8–17 ◦C 
Counter flow   

ü Increase of heat transfer: 45%  
ü Increase of pressure drop: 21 times  
ü The highest thermo-hydraulic performance is achieved 

when helical baffles are used in laminar flow regime 

Sreedhard and 
Varghese [97] 

Longitudinal fin patterns [88]   Numerical 
Re: 2230 
Inner: hot water, 
temperature: 97 ◦C 
Outer: cold water, 
temperature:27 ◦C 
Counter flow   

ü Increase of heat transfer: 60.5%  
ü Maximum heat transfer and overall heat transfer 

coefficient is found when using four external fins 

Zhang, Yu [98] Helically petal-shaped fin  Experimental 
Re: 12,000–18,000 
Inner: cold water 
Outer: hot water 
Counter flow  

ü Increase of heat transfer: 233%  
ü Increase of pressure drop: 111%  
ü The increase in heat transfer is significantly greater than 

that of the increase in pressure drop at constant 
Reynolds number 

Salem, Eltoukhey  
[99] 

Helical tape  Experimental 
Re: 2050–26,700 
Inner: hot water, 
temperature: 50 ◦C 
Outer: cold water, 
temperature: 15, 20, 25 ◦C 
Counter flow  

ü Increase of Nusselt number: 164.4%  
ü Increase of friction factor: 113.1%  
ü The annulus average Nusselt number and friction factor 

increased an increase in the height ratio, and decrease in 
the pitch ratio 

Yadav and Sahu [100] Helical surface disk  Experimental 
Re: 3500–10,500 
Inner: hot water, 
temperature: 75 ◦C 
Outer: cold air 
Counter flow  

ü Increase of Nusselt number: 290%  
ü Increase of friction factor: 990%  
ü The Nusselt number increased with the increase in 

Reynolds number and helix angle. It decreased with an 
increase in the diameter ratio  

ü The friction factor increases with the increase in the 
helix angle and decreases with the increase in the 
diameter ratio and Reynolds number 

Sheikholeslami and 
Ganji [101] 

Experimental 
Re: 6000–12,000 
Inner: hot water 
Outer: cold air 
Counter flow  

ü Increase of Nusselt number: 112.5%  
ü Increase of friction factor: 760%  
ü Thermal performance enhances with augment of open 

area ratio  
ü Temperature gradient reduces with augment of the pitch 

ratio 

(continued on next page) 
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water were used as a working fluid in the outer and inner sides. The 
results showed that heat transfer enhancement decreases by increasing 
Reynolds number, and wire coil insertion significantly increases the heat 
transfer rate in the laminar flow region. 

The heat transfer rate in a DTHE can be increased by inserting 
louvered strips. Eiamsa-ard, Pethkool [47] experimentally investigated 
the louvered strips with forward, backwards, and different inclined 
angles (θ=15◦, 25◦ and 30◦) configuration in a DTHE (Fig. 4). It was 
reported that the louvered strips increased the average Nusselt number 
and friction loss up to 284% and 413%, respectively, compared to a 
conventional DTHE. 

Zhang, Lu [48] conducted an experiment to study the heat transfer 
and fluid flow characteristics of a DTHE fitted with a stationary and 
self-rotating twisted tape (Fig. 5). The experiment was conducted under 

turbulence flow and for different twist ratios. It was observed that the 
self-rotating twisted tape increased the heat transfer more than the 
stationary twisted tape. The thermal performance factor, pressure drop, 
and Nusselt number also increased with decreasing twist ratios. 

Other types of turbulators insertion, such as propellers and swirl 
generators, are used to increase the heat transfer rate. Since the increase 
of pressure drop of such turbulators is high compared to the increase in 
heat transfer rate, they are not commonly used. Yildiz, Bíçer [29] 
showed that using propellers as turbulators increases, the pressure drop 
up to 1000% with an increase of 250% in the heat transfer rate. Using 
swirl generators with holes in the entrance increased the Nusselt number 
and friction factor by 130% and 190%, respectively [49]. Aridi, Ali [50] 
They presented a numerical investigation on the performance of heat 
transfer enhancement using a trapezoidal vortex generator in a DTHE. 

Table 2 (continued ) 

Author Configuration Conditions Findings 

Perforated turbulator  

Shaji [102] Twisted Tape  Numerical 
Re: 4717–14,591 
Inner: hot water, 
temperature: 80 ◦C 
Outer: cold water, 
temperature:27 ◦C 
Counter flow   

ü Increase of Nusselt number: 43%  
ü Increase of friction factor: 177%  
ü Secondary flows induced by the twisted tape, enhanced 

cross stream mixing of the fluids, increase in the 
effective flow length 

Yassin, Shedid [103] Straight fin  Experimental 
Re: 30,000–90,000 
Inner: hot air 
Outer: cold air 
Counter flow  

ü Increase of Nusselt number: 118%  
ü The Nusselt number is proportional to the axial Re, Ta, 

fin heights and number of fins 

Ravikumar and Raj  
[104] 

Different profiles of fin  Numerical 
Mass flow: 0.01- 0.07 kg/s 
Inner: hot water 
Outer: cold water 
Counter flow  

ü Increase of heat transfer: 220%  
ü Increase of pressure drop: 10% 

Sivalakshmi, Raja  
[105] 

Helical fin  Experimental 
Mass flow: 0.01- 0.05 kg/s 
Inner: hot water, 
temperature: 80 ◦C 
Outer: cold air, 
temperature: 30 ◦C 
Counter flow  

ü Increase of heat transfer: 38.46%  
ü utilization of helical fin in water–air exchanger in 

annulus side could improve the heat transfer rate  
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They wanted two compare the effect of turbulater in three cases, 
including turbulator in the inner tube (case 1), in the outer side of the 
inner tube (case 2), and in the inner side of the outer tube (case 3). The 
results showed that the turbulator is effective in all cases, and the 
greatest improvement was 97% for case 1, 92% for case 2, and 56% for 
case 3. Table 1 summarises information on different turbulators in-
sertions and their effects in comparison to a conventional DTHE. 

4.2. Extended surface area (fins) 

Another way to increase the heat transfer rate in DTHEs is to use fins 
and enlarge the surface area of fins [63–80]. This technique can help 
fluids with naturally low heat transfer coefficients, such as gases and 
high-viscosity liquids, by placing them on the fin side. Designing DTHEs 
by fins is very cost-effective because they are cheaper than prime tube 
surfaces. When fins are used in the fluid side, which has a lower heat 

transfer coefficient, it decreases the thermal resistance and the heat 
transfer capacity increases due to the bigger heat transfer surface area 
[81, 82]. The geometry and type of the fins are two critical factors for 
improving hydrothermal properties in DTHEs. These two elements 
establish secondary flow in DTHEs, reducing hydraulic diameter, 
increased surface area, vortices, and intensifying turbulence induced by 
the vortex generators [83–85]. 

In the helical fin designs, by decreasing the helical pitch, pressure 
drop increased sharply at a high Reynolds number; conversely, the effi-
ciency of the heat transfer enhancement is low at the large helical pitch. 
So, using helical fins to enhance heat transfer is suitable for applications 
at low Reynolds numbers [86]. Zhang, Guo [83] installed helical fins and 
vortex generators on the surface of the outer tube of a DTHE and 
concluded that heat transfer and pressure drop increased up to 46% and 
146%, respectively, compared to the conventional tube (Fig. 6). 

El Maakoul, El Metoui [88] numerically studied the heat transfer and 

Fig. 10. Different inner and outer tube deformation [124].  
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fluid flow characteristics and performance of an air-water DTHE with 
helical and longitudinal fins (Fig. 7). The results showed that helical fins 
have a better heat transfer rate, about 3–24% higher than longitudinal 
fins. It was also reported that the heat transfer rate and friction factor 
increased when decreasing the helical space. In another publication, El 
Maakoul, Feddi [89] numerically compared a DTHE with conventional 
longitudinal fins and split longitudinal fins (Fig. 8). The results showed 
that split longitudinal fins increase heat transfer 31%− 48% more than 
conventional longitudinal fins. 

Majidi, Alighardashi [90] experimentally worked on the air heat 
transfer in a helical fin DTHE and presented an equation for increasing 
the overall heat transfer coefficient due to the fin. The results showed 
that the presence of annulus fin increases the overall heat transfer co-
efficient. Syed, Ishaq [91] introduced the tip thickness in fins design as a 
new parameter by significant impacts on the heat transfer and flow 
properties in DTHEs (Fig. 9). The tip thickness was controlled by the 
ratio of tip to base angles as a parameter with values varying from 0 to 1 
corresponding to the fin shapes varying from the triangular to the 

Fig. 11. Details of twisted square duct and outer circular pipe [128].  
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Table 3 
Summary of information on different extended surface compared to a conventional DTHE.  

Author Configuration Conditions Findings 

Córcoles, Moya-Rico  
[7] 

Spirally corrugated tube  Experimental and numerical 
Re: 25,000–50,000 
Inner: cold water, 
temperature: 22.1 ◦C 
Outer: hot water, 
temperature: 60 ◦C 
Counter flow  

ü Increase of average heat transfer rate: up to 23%  
ü Increase of pressure drop: 315 and 27% for inner and outer tube 

respectively  
ü With decreasing helical pitch and increasing corrugation height 

the heat transfer and pressure drop increased 

Luo and Song [129] Counter-twisted oval tubes  Numerical 
Re: 1000–15,000 
Inner: wall temperature 
constant at 300 ◦C 
Outer: inlet temperature 
20 ◦C 
Counter flow  

ü Increase of Nusselt number: up to 157%  
ü Increase of friction factor: up to 118%  
ü The intensity of the vortices increases with the decrease of aspect 

ratio and twist ratio 

Hashemian, 
Jafarmadar [125] 

Conical tube form  Numerical 
Re: 12,202–48,808 
Inner: hot water, 
temperature: 52 ◦C 
Outer: cold water, 
temperature: 25 ◦C 
Counter and parallel flow  

ü Increase of Nusselt number: 63%  
ü Increase of friction factor: 700%  
ü The Nusselt number is highest in both inner and outer conical 

tubes 

Dizaji, Jafarmadar  
[130] 

Corrugated shell and tube  Experimental 
Re: 3500–18,000 
Inner: hot water, 
temperature: 50 ◦C 
Outer: cold water, 
temperature: 22 ◦C 
Counter flow  

ü Increase of NTU: 34 to 60%  
ü Exergy loss: 17 to 81%  
ü Maximum NTU is obtained for heat exchanger made of 

corrugated shell and corrugated tube 

Han, Li [120] Inner corrugated tube  Numerical 
Re: 26,250–65,625 
Inner: constant wall 
temperature: 427 ◦C 
Outer: steam, temperature: 
290 ◦C  

ü Increase of Nusselt number: 81%  
ü Increase of friction factor: 500%  
ü The decrease of corrugation height and Reynolds number 

increase the overall heat transfer coefficient 

Dizaji, Jafarmadar  
[119] 

Experimental 
Re: 3500–18,000 
Inner: hot water, 
temperature: 40 ◦C 
Outer: cold water, 
temperature: 8 ◦C 
Counter flow  

ü Increase of Nusselt number: 117%  
ü Increase of friction factor: 254%  
ü Maximum effectiveness is obtained for the heat exchanger with a 

concave corrugated outer and convex corrugated inner tube. 

(continued on next page) 
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Table 3 (continued ) 

Author Configuration Conditions Findings 

Convex and concave corrugated tube  

Wang, Zhang [131] Outward helically corrugated tube  Numerical 
Re: 4300–18,800 
Inner: Helium, temperature: 
390 ◦C 
Outer: Helium, temperature: 
300 ◦C 
Counter flow  

ü Increase of heat transfer: 28%  
ü The heat transfer performance linearly decreased with the 

increase in the shell diameter, but the pressure drop sharply 
decreased when the shell diameter equals 38 mm 

Pethkool, Eiamsa-ard  
[132] 

Helical corrugated tube  Experimental 
Re: 5500–60,000 
Inner: hot water, 
temperature: 70 ◦C 
Outer: cold water, 
temperature: 28 ◦C 
Counter flow  

ü Increase of heat transfer rate: 232%  
ü Increase of friction factor: 115%  
ü The Nusselt number, friction factor and thermal performance 

factor increased when increasing the pitch ratio and the rib- 
height ratio 

Laohalertdecha and 
Wongwises [133] 

Corrugated tube  Experimental 
Re:8000–27,000 
Inner: R-134a, temperature: 
40, 45 and 50 ◦C 
Outer: Cold water 
Counter flow  

ü Increase of heat transfer rate: 50%  
ü Increase of friction factor: 70%  
ü The average heat transfer coefficient and pressure drop 

increased when increasing the mass flux as well as average 
quality 

Webb, 
Narayanamurthy  
[134] 

Helical-rib roughness [135]   Experimental 
Re: 20,000–80,000 
Inner: water 
Outer: R-12  

ü Increase of heat transfer coefficient: 133%  
ü Increase of friction factor: 120%  
ü The area increase and fluid mixing in the interfin region caused 

by flow separation and reattachment are two key factors, which 
affect the enhancement heat transfer rate 

Han, Li [136] Outward convex corrugated tube  Numerical 
Re: 45,938–26,250 
Inner: Helium, temperature: 
330 ◦C 
Outer: constant wall 
temperature: 327 ◦C  

ü Increase of Nusselt number: 63.6%  
ü Increase of friction factor: 380%  
ü The most significant factor in Nu is Re, which intensively relates 

to the thickness of the thermal boundary layer and turbulent 
intensity.  

ü The most significant effect factor on heat transfer and friction 
factor is the ratio of corrugation height to tub diameter 

Wongwises and 
Polsongkram [137] 

Experimental 
Mass flux: 400 and 800 kg/ 
m2.s  

ü Increase of heat transfer coefficient; 33 to 53%  
ü Increase of pressure drop: 29 to 46% 

(continued on next page) 
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Table 3 (continued ) 

Author Configuration Conditions Findings 

Helically coiled tube  Inner: HFC-134a, 
temperature: 40 and 50 ◦C 
Outer: water 
Counter flow  

ü The average heat transfer coefficient increases when increasing 
average vapor quality and mass flux and decreases with 
increasing saturation temperature  

ü The frictional pressure drop of the condensation process 
increases with increasing average vapor quality and mass flux 
and decreases with increasing saturation temperature of 
condensation 

Kumar, Faizee [138] Helically coiled tube  Numerical 
Re: 5000–70,000 
Inner: air 
Outer: water 
Counter and parallel flow  

ü Increase of Nusselt number: 70%  
ü Increase of friction factor: 435%  
ü With the increase in operating pressure in the inner tube the 

overall heat transfer coefficient increases 

Yang and Chiang [121] Curved pipe  Experimental 
Re: 1000–20,000 
Inner: hot water 
Outer: cold water 
Counter flow  

ü Increase of heat transfer rate: 100%  
ü Increase of friction factor: 40%  
ü A higher Dean number results in a higher heat transfer rate 

Chen and Dung [122] Vertical oval cross section pipe  Numerical 
Re: 100–2000 
Inner: hot water 
Outer: cold water 
Counter and parallel flow  

ü Increase of heat transfer rate: 37%  
ü The magnitude of the overall heat transfer coefficient decreases 

as the total length increases, however, the heat transfer 
enhancement coefficient behaves oppositely, as this quantity 
increases while the tube is elongated 

Zambaux, Harion [124] Numerical 
Inner: constant wall 
temperature 26 ◦C 
Outer: mixture of glycol and 
water, temperature: 48 ◦C  

ü Increase of heat transfer rate: 43% 

(continued on next page) 
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rectangular cross-section. Variation in fin-tip thickness appears to 
significantly influence the primary flow variable, the velocity field, 
displacing the high-velocity region and changing the velocity gradients 
at the wetted perimeter. Table 2 summarises information on different 
extended surface areas and their effects in comparison to a conventional 
DTHE. 

4.3. Geometry change 

This technique is usually used to modify the inner and outer tubes to 
increase the DTHEs heat transfer rate [106–116]. Corrugated tubes, 
helical and spiral tubes, and different cross-sections of tubes are exam-
ples of this technique that can be used widely in various industries’ 
waste heat recovery systems [117]. This technique increases the heat 
transfer rate by increasing fluid mixing in the boundary layer, turbu-
lence level of the fluid flow, and heat transfer surface area [118–120]. 

There are many publications that use different geometries in DTHEs to 
improve the heat transfer rate compared to conventional DTHEs, for 
example, inner curved-pipe [121], oval pipe[123, 124], coaxial annular 
tube with wall deformations[125], different conical tubes[126], inner 
sinusoidal tube[127], and inner corrugated tube[121]. 

Dizaji, Jafarmadar [119] performed an experiment to compare inner 
and outer corrugated tubes in a DTHE. It was shown that using both 
inner and outer corrugated tubes increased the Nusselt number and 
friction factor from 23–117% and 200–254%, respectively. With the 
inner tube being corrugated, the Nusselt number and friction factor 
increased from 10–52% and 150–190%, respectively. Also, Zambaux, 
Harion [124] numerically confirmed that the wall deformation on both 
inner and outer tubes increased the performance evaluation criteria up 
to 43% compared with only deformation on the outer or inner tube 
(Fig. 10). 

Webb [127] showed that if the rib pitch decreased less than required 

Table 3 (continued ) 

Author Configuration Conditions Findings 

Wall deformation  

Shao, Han [139] Helically coiled tube [137]   Experimental 
Mass flux: 100–400 kg/m2.s 
Inner: R-134a, temperature: 
35, 40 and 45 ◦C 
Outer: water 
Counter flow  

ü Increase of heat transfer coefficient: 4 to 13.8%  
ü The average heat transfer coefficients for both the straight and 

helical sections increase with the mass flux of R-134a and the 
vapor quality as well 

Moawed, Ibrahim  
[126] 

Sinusoidal inner pipe  Experimental 
Re: 8800–28,000 
Inner: cold water 
Outer: hot water 
Counter flow  

ü Increase of Nusselt number: 18 to 93%  
ü Increase of friction factor: 69 to 130% 

Luo, Song [123] Twisted oval tube  Numerical 
Re: 1000–15,000 
Inner: constant wall 
temperature 90 ◦C 
Outer: air, temperature: 
20 ◦C  

ü Increase of Nusselt number: 116%  
ü Increase of friction factor: 46%  
ü The thermal performance enhancement is more significant in the 

laminar regime  
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for reattachment of the boundary layer, the heat transfer coefficient 
decreased. So, the maximum amount occurs at the reattachment point. 
Bhadouriya, Agrawal [128] developed experimental and numerical 
investigation on hydrothermal properties in a DTHE with the inner 
twisted square duct and outer circular pipe (Fig. 11). It was reported that 
with this configuration of DTHE, the heat transfer enhancement is 
suitable for laminar flow rather than turbulent flow. Table 3 summarises 
information on different geometry changes and their effects in com-
parison to a conventional DTHE. 

4.4. Nanofluids 

Nanofluid is defined as a fluid in which nanometer-sized particles are 
suspended [140, 141]. Nanofluids, including suspended nanoparticles in 
liquids, increase the base fluids’ thermal convective and conductive heat 
transfer performance [142]. The classification of nanofluids is various; 
however, they are generally classified based on nanoparticles or base 
fluids. The two categories of nanofluids based on nanoparticles are 
metallic or non-metallic nanofluids [143–145]. The suspension of 
metallic nanoparticles makes the metallic-based nanofluids that it can 
be as metal or metal oxides such as Al, Cu, Zn, CuO, ZnO [146–150]. On 
the other side, the non-metallic-based nanofluids are made by suspen-
sion of non-metallic nanoparticles such as SiO2, carbon-based nano-
particles, nanofibers, graphene, graphene oxide, and nanotubes 
[151–155]. When more than one type of nanoparticles is used, 
non-metallic or metallic nanoparticles, the nanofluids are classified as 
hybrid nanofluids. [156–158]. According to the base fluid, nanofluids 
are classified as water-based, aqueous-based, or non-aqueous–based. 
Nanoparticles can be dispersed in different base fluids such as oils or 
ethylene glycol [153, 159–161]. Fig. 12 shows one of the most common 
classifications of nanofluids. 

Nanofluids enhance the heat transfer rate by increasing the surface 
area of nanoparticles, heat capacity, effective and apparent thermal 
conductivity, interactions and collisions among particles, fluctuations 
and turbulence of the fluid [163, 164]. 

Using nanofluids in DTHEs instead of pure water or other liquids can 
enhance the performance of the system. So, this area of research has 
caught the attention of many researchers [30, 31, 165–176]. Generally, 
researchers investigate nanofluids as a working fluid in DTHEs. For 
example, some researchers investigated different nanoparticles such as 

aluminum oxide, copper oxide, titanium dioxide to determine their ef-
fect on the heat transfer rate in a heat exchanger [177–179]. Table 4 
summarises information on using different nanofluids and their effects 
in comparison to pure water in a conventional DTHE. 

4.5. Combination of different techniques 

To enhance the thermal performance of DTHEs, it is possible to use 
two or three techniques together [188, 189]. In this way, the key factors 
that increase the heat transfer rates reinforce each other and improve the 
performance of the heat exchanger. For example, a combination of 
turbulator insertion with geometry change [190], nanofluids with tur-
bulator insertion and geometry change makes a good improvement in 
the thermal performance of DTHEs [179, 191]. Some researchers use 
these techniques in a single pipe with the appropriate boundary condi-
tion that matches to DTHEs to investigate the performance of DTHEs 
[192–209]. 

4.5.1. Combination of turbulator insertion and geometry change 
Mashoofi, Pesteei [39] experimentally studied the thermal-frictional 

behavior of helically coiled a DTHE, which contains the turbulator 
(Fig. 13). Hot water and cold air were used as working fluids in the outer 
and inner tubes with inlet temperatures of 50 ◦C and 25 ◦C, respectively. 
The results showed that using a turbulator in the outer tube increased 
the airside Nusselt number by around 8–32%. However, the employ-
ment of the turbulator in the inner side increased the Nusselt number of 
the inner side by around 52–81%. The friction factor increased about 
519% when compared to a conventional DTHE without a turbulator. 

Mokkapati and Lin [190] numerically studied the combination of 
turbulator insertion and geometry change in a DTHE (Fig. 14). Hot water 
was employed in the inner corrugated tube with twisted tape insertion at 
510 ◦C and cold water on the outer side at 90.55 ◦C. It showed that 
corrugated tubes with twisted tape insert increased the heat transfer rate 
by about 235.3% and 67.26% compared with a straight tube and 
corrugated tube without twisted tape insertion, respectively. 

4.5.2. Combination of nanofluids and turbulator insertion 
Chandra Sekhara Reddy and Vasudeva Rao [210] conducted exper-

iments on TiO2 nanofluid with the base fluid of 60% water and 40% 
ethylene glycol in the range of Reynolds number from 4000 to 15,000 

Fig. 12. Classification of nanofluid [162].  
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Table 4 
Summary of information on using different nanofluids in comparison to pure water in a conventional DTHE.  

Author Conditions Findings 

Chun, Kang [9] Experimental 
Re: 100–450 
Nanofluid: Al2O3, base fluid: water and transformer oil, concentration: 
0.25% and 0.5% 
Inner: cold nanofluid and water 
Outer: hot water and nanofluid 
Parallel and counter flow   

ü Increase of the heat transfer coefficient: up to 25%  
ü The surface properties of nanoparticles, particle loading, and particle shape 

are key factors for enhancing the heat transfer properties of nanofluids 

Zamzamian, Oskouie  
[180] 

Experimental 
Re: turbulent flow 
Nanofluid: Al2O3 and CuO, base fluid: ethylene glycol, mean diameter 
20 nm, concentration: Al2O3: 0.1, 0.5, and 1%, CuO: 0.1, 0.3, 0.5, 0.7, 
and 1% 
Inner: hot nanofluid, temperature: 45, 60, and 75 ◦C 
Outer: cold water  

ü Increase of the heat transfer coefficient: up to 37.2%  
ü the convective heat transfer coefficient of nanofluid increases with 

increasing volume fraction and temperature of nanofluid  
ü The theoretical and experimental results are same in lower temperatures 

Darzi, Farhadi [181] Experimental 
Re: 5000–20,000 
Nanofluid: Al2O3, base fluid: water, mean diameter 20 nm, 
concentration: 0.25, 0.5, 0.75, and 1% 
Inner: cold nanofluid, temperature: 27–55 ◦C 
Outer: hot water  

ü Increase of Nusselt number: 19%  
ü Increase of friction factor: 15%  
ü By increasing the volume fraction of nanofluid, the heat transfer and 

pressure drop increase  
ü Adding nanoparticles has better results at high Reynolds number 

Aghayari, Maddah  
[182] 

Experimental 
Re: 15,000–28,000 
Nanofluid: Al2O3, mean diameter 20 nm, base fluid: water, 
concentration: 0.1, 0.2, and 0.3% 
Inner: hot nanofluid, temperature: 40 and 50 ◦C 
Outer: cold water 
Counter flow  

ü The increase of heat transfer: 12%  
ü The nanofluid with suspended nanoparticles increases the thermal 

conductivity of the Mixture and a large energy exchange process resulting 
from the chaotic movement of nanoparticles 

Sarafraz and Hormozi  
[183] 

Experimental 
Re: 1000–11,000 
Nanofluid: green tea leaves and silver nitrate, mean diameter 40–50 nm, 
base fluid: 50% water and 50% ethylene glycol, concentration: 0.1, 0.5 
and 1%, temperature: 25–80 ◦C 
Inner: hot nanofluid 
Outer: cold water 
Counter flow  

ü Increase of heat transfer coefficient: up to 67%  
ü Increase of friction factor: 11.3%  
ü Pressure drop and friction factor increases by increasing volume fraction 

El-Maghlany, Hanafy  
[177] 

Experimental 
Re: 2500–5000 
Nanofluid: Cu, mean diameter: 63–100 nm, base fluid: water, 
concentration: 1, 1.5, 2, 2.5, and 3% 
Inner: hot water 
Outer: cold nanofluid 
Counter flow  

ü Increase of NTU and effectiveness: 23.4% and 16.5%  
ü Increase of pressure drop: 36% 

Han, He [178] Experimental 
Re: 20,000–60,000 
Vertical DTHE 
Nanofluid: Al2O3, base fluid: water, concentration: 0.25 and 0.5% 
Inner: cold nanofluid, temperature: 40 and 50 ◦C 
Outer: superheat steam 
Counter flow  

ü Increase of Nusselt number: up to 24.5% at 50 ◦C  
ü The heat transfer increases with the increase in volume fraction and 

temperature of nanoparticles 

Mohamed, Gutiérrez- 
Trashorras [184] 

Numerical 
Re: 2473– 4947 
Nanofluid: Al2O3, Cu, base fluid: water, concentration: 1, 2, and 3% 
Inner: hot water, temperature: 60 ◦C 
Outer: cold nanofluid, temperature: constant 28 ◦C 
Counter flow  

ü Increase of average heat transfer rate: up to 13% and 7.6% for Cu and Al2O3  

ü Increase of NTU: up to 18.8% and 10.72% for Cu and Al2O3  

ü Increase of effectiveness: up to 13.06 and 7.56% for Cu and Al2O3  

ü Increase of pressure drop: up to 37.26 and 27.1% for Cu and Al2O3  

ü By increasing inlet temperature heat transfer of nanofluids increases which 
shows nanofluids dependency on temperature 

Zheng, Wang [185] Experimental 
Re: 4500–14,500 
Nanofluid (mean diameter): Al2O3 (20 nm), CuO (40 nm), Fe3O4 (20 
nm), ZnO (30 nm), SiC (40 nm), and SiO2 (30 nm), base fluid: water, 
concentration: 0.5, 1, 1.5, and 2.0% 
Inner: cold nanofluid, temperature: 25 ◦C 
Outer: hot water, temperature: 60 ◦C 
Counter flow  

ü Increase of Nusselt number (concentration): Al2O3: 12.2% (2%), CuO: 
44.3% (1%), Fe3O4: 53.5% (1.5%), ZnO: 43% (1.5%), SiC: 68.4% (1.5%), 
SiO2: 6.6% (0.5%)  

ü Increase of friction factor (concentration): Al2O3: 53.4% (2%), CuO: 45.5% 
(2%), Fe3O4: 73.1% (2%), ZnO: 73.5% (2%), SiC: 77.6% (2%), SiO2: 46.4% 
(2%) 

Esfe, Saedodin [170] Experimental 
Re: 4000–31,000 
Nanofluid: COOH-functionalized double-walled carbon nanotubes, base 
fluid: water, concentration: 0.01 to 0.4% 
Inner: cold nanofluid 
Outer: hot water 
Temperature: 300–340 K 
Counter flow  

ü Increase of heat transfer coefficient: 32%  
ü Increase of pressure drop: 20%  
ü Nanofluid concentration of the maximum heat transfer coefficient and 

pressure drop: 0.4% 

Duangthongsuk and 
Wongwises [186] 

Experimental 
Re: 3000–18,000  

ü Increase of heat transfer coefficient: 26%  
ü Increase of pressure drop: 28% 

(continued on next page) 
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(Fig. 15). Nanofluid with the mean diameter of nanoparticles 21 nm and 
hot water flowed in the inner and outer tube as working fluids, 
respectively. This study aimed to indicate the effects of nanofluid with 
and without helical coil insertion. The results showed that heat transfer 
coefficient enhancement due to nanofluid with and without helical 
insertion was 17.71% and 10.73%, respectively. However, the friction 
factor increased by16.58% due to nanofluid and helical coil insertion. 
Table 5 summarises information on the combination of different nano-
fluids and turbulator insertion and their effects in comparison to pure 
water and a conventional DTHE. 

4.5.3. Combination of nanofluids and geometry change 
Qi, Luo [179] represented an experimental study to investigate a 

combination of corrugated tubes and nanofluid in DTHEs based on 
thermal efficiency assessment (Fig. 16). TiO2–H2O nanofluid and water 
were used as working fluids in outer and inner tubes, respectively. The 
results showed that the overall thermal performance was significantly 
enhanced using nanofluids and corrugated tubes, which was reflected in 
the increase of the Number of Transfer Units (NTU) and its effectiveness. 
In the best condition, the NTU was improved by 47.5%. However, for 
thermal fluid in the shell-side, the NTU and effectiveness decreased 
firstly and then increased with an increase in the Reynolds number. 
Table 6 summarises information on the combination of different nano-
fluids and geometry change and their effects in comparison to pure 
water and a conventional DTHE. 

5. Statistical investigation 

A statistical investigation was performed on 100 published articles to 
determine the impact of the different techniques on the heat transfer and 
friction factor. Twenty data were randomly selected for each technique 
from 1998 to 2022 to have a logical and equitable comparison among all 
techniques. Fig. 17 show the average heat transfer and friction factor 
augmentation for the combination of nanofluid and turbulator insertion, 
turbulator insertion, extended surface area, geometry change, and 
nanofluids in DTHEs. Reviewing articles in these five categories showed 
that the combination of nanofluid and turbulator insertion technique 
had the highest heat transfer enhancement of an average of 131% as 
compared to the other techniques. This technique employs the beneficial 
characteristics of turbulator insertion and nanofluids simultaneously. 
Hence, the properties include the increase of nanoparticles’ surface area, 
heat capacity, effective and apparent thermal conductivity, interactions 
and collisions among particles from the nanofluid technique and 
creating effective fluid mixing, secondary flow, turbulence, swirl, and 
fluid velocity change near the wall in the presence of turbulator inser-
tion make the thermal boundary layer decrease, and the heat transfer 
rate improves in DTHEs. The turbulator insertion technique is rated 
second with an average of 120% enhancement in the heat transfer rate. 
It showed the significance of the impact of turbulator insertion on 
increasing the heat transfer rate in DTHEs. The extended surface area 
improved the heat transfer by an average of 110% more than the ge-
ometry change and nanofluids technique. Extended surface area by 
establishing secondary flow, vortices, intensification of turbulence and 

Table 4 (continued ) 

Author Conditions Findings 

Nanofluid: TiO2, mean diameter: 21 nm, base fluid: water, 
concentration: 0.2 to 2% 
Inner: cold nanofluid, temperature: 15, 20, 25 ◦C 
Outer: hot water, temperature: 35, 45 ◦C 
Counter flow  

ü The pressure drop of nanofluids increases with increasing Reynolds number 
and there is a small increase with increasing particle volume concentrations 

Arani and Amani [171] Experimental 
Re: 8000–51,000 
Nanofluid: TiO2, mean diameter: 30 nm, base fluid: water, 
concentration: 0.002 to 0.02 
Inner: cold nanofluid 
Outer: hot water, temperature: 60 ◦C 
Counter flow  

ü Increase of heat transfer coefficient: 72%  
ü Increase of pressure drop: 54%  
ü The use of nanofluid with the higher concentration provides considerably 

higher Nusselt number and thermal performance for all Reynolds numbers 
examined 

Esfe, Saedodin [172] Experimental 
Re: 3200–19,000 
Nanofluid: MgO, mean diameter: 40 nm, base fluid: water, 
concentration: 0.0625 to 1% 
Inner: cold nanofluid, temperature: 24.7 to 60 ◦C 
Outer: hot water 
Counter flow  

ü Increase of heat transfer coefficient: 35.93%  
ü Increase of pressure drop: 16%  
ü The maximum thermal conductivity is belonged to maximum nanofluid 

concentration 

Khalifa and Banwan  
[173] 

Experimental 
Re: 3000–6000 
Nanofluid: Al2O3, mean diameter: 10 nm, base fluid: water, 
concentration: 0.25 to 1% 
Inner: cold nanofluid, temperature: 20 to 35 ◦C 
Outer: hot water, temperature: 50 ◦C 
Counter flow  

ü Increase of heat transfer coefficient: 22.8%  
ü Increase of Nusselt number: 20%  
ü The heat transfer coefficient and Nusselt number are increased by 

increasing Reynolds number and particles volume fraction 

Madhesh and 
Kalaiselvam [187] 

Experimental 
Re: 300–700 
Nanofluid: Ag, mean diameter: 10–65 nm, base fluid: ethylene glycol, 
concentration: 0.1 to 2% 
Inner: hot nanofluid, temperature: 60 ◦C 
Outer: cold water, temperature: 40 ◦C 
Counter flow  

ü Increase of heat transfer coefficient: 54.3%  
ü Increase of pressure drop: 23.7%  
ü At a lower volume concentration, the mean free path available for particles 

moving between the inner fluids layers could benefit in transferring the 
heat effectively 

Khedkar, Sonawane  
[174] 

Experimental 
Re: 500–4000 
Nanofluid: TiO2, mean diameter: 20 nm, base fluid: water, 
concentration: 2 and 3% 
Inner: cold nanofluid 
Outer: hot water, temperature: 55–75 ◦C 
Counter flow  

ü Increase of heat transfer coefficient: 33%  
ü For the same range of Reynold’s number, addition of nanoparticles to the 

base fluid enhances the heat-transfer performance and results in the higher 
heat transfer coefficient than that of the base fluid  
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increasing heat transfer area in the annulus side improves heat transfer 
rate. In this technique, fins in the outer tube side cause turbulating in the 
fluid flow. However, the main thermal boundary layer for increasing the 
heat transfer is on the inner tube side. In addition, the concentration of 
fins is on the increment surface area, not turbulating and mixing fluid 
flow, so this technique has a lower heat transfer enhancement in 

comparison to turbulator insertion. It can be concluded that creating 
mixing fluid flow and turbulator is more effective in the inner tube 
compared to the outer tube. The geometry change and the use of 
nanofluids have the lowest heat transfer enhancement by an average of 
91% and 35%, respectively. In these techniques, creating turbulence and 
mixing in the fluid are not as effective as the turbulator insertion and 
extended surface area. It can be concluded that increasing the convec-
tive and conductive heat transfer coefficient of the base fluid are the 
main reasons for the heat transfer enhancement when using nanofluids. 
The fluctuation and turbulence of nanoparticles in the flow have a low 
effect on increasing the heat transfer rate compared to other techniques. 
Using nanofluids does not significantly improve the heat transfer rate. 
Hence, incorporating the use of nanofluids with other techniques is 
recommended. 

As shown in Fig. 17, the extended surface area has the highest 
increment of friction factor, an average value of 536% than the other 
techniques This is due to the presence of the fins giving a larger surface 
area against the flow in comparison to the turbulator insertion, 
geometry change, and nanofluids techniques. The average friction 
factor increment of the turbulator insertion, geometry change, and 

Fig. 13. (a) Experimental setup and (b) a schematic illustration of the test set-up: 1-test section, 2-Rotameter, 3-warm water tank, 4-dimmer and thermostat, 5-heat-
er, 6-water pump, 7- condenser, 8-compressor, 9-valves [39]. 

Fig. 14. Cross sectioned view of (A) ACT heat exchanger and (B) ACT heat 
exchanger with twisted tape [190]. 

Fig. 15. Photograph of wire coil inserts [210].  
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Table 5 
Summary of information on the combination of different nanofluids and turbulator insertion and their effects compared to pure water and a conventional DTHE.  

Author Conditions Findings 

Maddah, Alizadeh [191] Experimental 
Twisted tape 
Re: 5000–21,000 
Nanofluid: Al2O3, mean diameter 20–22 nm, base fluid: water, 
concentration: 0.2, 0.5, and 0.9% 
Inner: hot nanofluid, temperature: constant inlet 40 ◦C 
Outer: cold water, temperature: constant inlet 25 ◦C 
Counter flow  

ü Increase of heat transfer rate: up to 300%  
ü Increase of friction factor: up to 180% 

Chandra Sekhara Reddy and 
Vasudeva Rao [210] 

Experimental 
Helical coil 
Re: 4000–15,000 
Nanofluid: TiO2, mean diameter 21 nm, base fluid: 60% water 
and 40% ethylene glycol, concentration: 0.004, 0.012, and 
0.02% 
Inner: cold nanofluid 
Outer: hot water 
Counter flow  

ü Increase of heat transfer due to nanofluid: up to 10.73%  
ü Increase of heat transfer due to nanofluid and helical coil: up to 17.71%  
ü Increase of friction factor due to nanofluid and helical coil: up to 16.58% 

Prasad, Gupta [211] Experimental 
Trapezoidal-cut twisted tape 
Re: 3000–30,000 
Nanofluid: Al2O3, mean diameter less than 50 nm, base fluid: 
water, concentration: 0.01 and 0.03% 
Inner: cold nanofluid 
Outer: hot water, temperature: 70 ◦C 
Counter flow  

ü Increase of Nusselt number: 34.24%  
ü Increase of friction factor: 29%  
ü The average Nusselt number increase by increasing Reynolds number 

Karimi, Al-Rashed [212] Numerical 
Twisted tape 
Re: 250–2250 and 3000–9000 
Nanofluid: Al2O3, base fluid: water, mean diameter 20 nm, 
concentration: 1, 2, and 3% 
Inner: cold nanofluid, temperature: 26 ◦C 
Outer: superheat steam, temperature: 37 ◦C 
Counter flow  

ü Increase of the Nusselt number due to twisted tape: 22%  
ü Increase of heat transfer due to twisted tape and nanoparticles: up to 30%  
ü Increase of the pressure drop due to twisted tape and nanoparticles: up to 40%  
ü The use of twisted tapes at high Reynolds numbers is more economical 

compared to low Reynolds numbers. 

Gnanavel, Saravanan [213] Numerical 
Spiral Spring insertion 
Re: 1000–10,000 
Nanofluid: TiO2, BeO, ZnO, and CuO, base fluid: water 
Inner: hot nanofluid 
Outer: cold water  

ü Increase of Nusselt number: TiO2: 117.39%, BeO: 63.09%, ZnO: 56.63%, and 
CuO: 47.62%  

ü Increase of friction factor: CuO: 312%, ZnO: 304.89%, BeO: 288%, TiO2: 
275.55%  

ü The thermal performance factor tends to decrease with the rise of Reynolds 
number, for most of the cases 

Karuppasamy, Saravanan  
[214] 

Numerical 
Cone shape insertion 
Re: 2000–10,000 
Nanofluid: Al2O3 and CuO, mean diameter 100 nm, base fluid: 
water, concentration: 1%  

ü Increase of Nusselt number: Al2O3: 65%, CuO: 56%  
ü Increase of friction factor: Al2O3: 50%, CuO: 47%  
ü Aluminum oxide nano fluid gives the higher heat transfer rate than the copper 

Oxide nano fluid because of the nano layer and thermophysical properties of 
liquid and nanosolid particles 

Singh and Sarkar [158] Experimental 
Tapered wire coil 
Re: 9000–40,000 
Nanofluid: Al2O3 + MgO (50/50 vol ratio), mean diameter less 
than 50 nm for Al2O3 and 90 nm for MgO, base fluid: water, 
concentration: 0.1% 
Inner: hot nanofluid, temperature: 50, 60, and 70 ◦C 
Outer: cold water, temperature: constant at 30 ◦C 
Counter flow  

ü Increase of the Nusselt number: up to 84%  
ü Increase of the friction factor: up to 68%  
ü Nusselt number increases with increase in temperature from 50 to 70 ◦C  
ü The entropy generation of nanofluid is lower than the base fluid in all cases 

Singh and Sarkar [215] Experimental 
V-cut twisted tape 
Re: 8000–40,000 
Nanofluid: Al2O3, PCM, and Al2O3+PCM, mean diameter 50 nm, 
base fluid: water, concentration: 0.01 and 0.1% 
Inner: cold nanofluid, temperature: 30 ◦C 
Outer: hot water, temperature: constant at 60 ◦C 
Counter flow  

ü Increase of heat transfer coefficient due to the nanofluid: up to 25.6%  
ü Increase of pressure drop due to the nanofluid: up to 16.05%  
ü Increase of heat transfer coefficient due to the nanofluid and V-cut twisted tape: 

up to 47.62%  
ü Increase of pressure drop due to the nanofluid and V-cut twisted tape: up to 

63.69% 

Singh and Sarkar [216] Experimental 
Conical wire coil insertion 
Re: 9000–45,000 
Nanofluid: Al2O3, CNT, hybrid (Al2O3+CNT), mean diameter: 
10–100 nm, base fluid: water, concentration: 0.01% 
Inner: cold nanofluid, temperature: 30 ◦C 
Outer: hot water, temperature: 60 ◦C 
Counter flow  

ü Increase of Nusselt number (hybrid nanofluid): up to 171, 152, and 139% for 
diverging, converging-diverging and converging wire coil insertion  

ü Increase of friction factor (hybrid nanofluid): up to 106, 92, and 72% for 
diverging, converging-diverging and converging wire coil insertion  

ü The hybrid nanofluid has better heat transfer than Al2O3 and CNT  
ü CNT nanofluid has better heat transfer than Al2O3 

Mohammed, Hasan [3] Numerical 
Louvered strip insert 
Re: 10,000–50,000 
Nanofluid: Al2O3, CuO, SiO2 and ZnO, mean diameter 20–50 nm, 
base fluid: water, concentration: 1–4%  

ü Increase of heat transfer: 367–411% for backward louvered strip arrangement 
and 350–400% for forward louvered strip arrangement  

ü Increase of friction factor: 900%  
ü SiO2 nanofluid has the highest Nusselt number value, followed by Al2O3, ZnO, 

and CuO 

(continued on next page) 
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combination of nanofluid and turbulator insertion is about 248%, 206%, 
and 181%, respectively. In the turbulator insertion technique, an 
external element in the tube gives a high friction factor. While in the 
geometry change technique, the increment of friction factor is because 
of the modification in tubes’ wall. Nanofluids have the lowest friction 
factor by an average of 31% because there is no change or elements 
hindering the fluid flow. The increase in friction factor is because of an 
increase in fluid viscosity. 

According to the thermal performance factor equation, the thermal 
performance factor is the ratio of heat transfer enhancement to friction 
factor increment. It can be concluded that using nanofluid and the 
combination of nanofluids and turbulator insertion have the best ther-
mal performance factor with the extended surface area the lowest 

thermal performance factor. 
The standard deviation and box and whisker diagram were used to 

show the dispersion of heat transfer and friction factor augmentation 
data of each technique (Table 7 and Fig. 18). Among these five tech-
niques, the combination of turbulator insertion and nanofluid technique 
has the highest heat transfer standard deviation by an average value of 
approximately 132. From the standard deviation, minimum, maximum 
and median values, it can be concluded that the potential for the in-
crease of the average heat transfer for this technique is extensive. The 
extended surface area and turbulator insertion techniques are rated 
second and third respectively with approximate standard deviation heat 
transfer averages of 81 and 79. The average heat transfer standard de-
viation decreases respectively for the extended surface area, turbulator 

Table 5 (continued ) 

Author Conditions Findings 

Inner: nanofluid 
Outer: constant heat flux  

ü The Nusselt number increases with decreasing the nanoparticle diameter and it 
increases slightly with increasing the volume fraction of nanoparticles 

Sundar, Bhramara [165] Experimental 
Wire coil insert 
Re: 16,000–30,000 
Nanofluid: Fe3O4, base fluid: water, concentration: 0.005–0.06% 
Inner: hot nanofluid, temperature: 60 ◦C 
Outer: cold water, temperature: 29 ◦C 
Counter flow  

ü Increase of Nusselt number: 32.03%  
ü Increase of friction factor: 16.2%  
ü The heat transfer of nanofluids increases with increasing particle 

concentration, Reynolds number and decreasing pitch ratio of the wire coil 
inserts 

Akyürek, Geliş [30] Experimental 
Wire coil insert 
Re: 4000–20,000 
Nanofluid: Al2O3, mean diameter less than 100 nm, base fluid: 
water, concentration: 0.4–1.6% 
Inner: cold nanofluid 
Outer: hot water, temperature: 70 ◦C 
Counter flow  

ü Increase of Nusselt number: 271.92%  
ü Increase of friction factor: 500%  
ü The Nusselt number increase as the pitch of the turbulators placed in the heat 

exchanger decreases 

Khoshvaght-Aliabadi, 
Shabanpour [217] 

Experimental 
Perforated-tape, jagged-tape, twisted-tape, helical-screw, 
vortex-generator, offset-strip 
Flow rate: 2–5 l/min 
Nanofluid: Cu, mean diameter 40 nm, base fluid: water, 
concentration: 0.1 and 0.3% 
Inner: cold nanofluid, temperature: 30 ◦C 
Outer: steam 
Counter flow  

ü Increase of Nusselt number: 293%  
ü Increase of pressure drop: 509%  
ü The vortex-generator gets the highest effect and perforated-tape gets the lowest 

effect 

Prasad, Gupta [218] Experimental 
Helical tape insert 
Re: 3000–30,000 
Nanofluid: Al2O3, mean diameter less than 50 nm, base fluid: 
water, concentration: 0.01 and 0.03% 
Inner: cold nanofluid 
Outer: hot water 
Counter flow  

ü Increase of Nusselt number: 32.91%  
ü Increase of friction factor: 38%  
ü The pressure drop in the inner tube increases with an increase in nanoparticle 

volume concentration and aspect ratio of the insert 

Khoshvaght-Aliabadi, 
Akbari [219] 

Experimental 
Vortex-generator insert 
Re: 5200–12,200 
Nanofluid: Cu, base fluid: water, concentration: 0.2% 
Inner: cold nanofluid 
Outer: hot water 
Counter flow  

ü Increase of Nusselt number: 123.9%  
ü Increase of pressure drop: 203.4%  
ü The winglets-width ratio, winglets-pitch ratio, and winglets-length ratio have 

strong effects on the heat transfer and pressure drop 

Prasad and Gupta [220] Experimental 
Twisted tape insert 
Re: 3000–30,000 
Nanofluid: Al2O3, mean diameter less than 50 nm, base fluid: 
water, concentration: 0.01 and 0.03% 
Inner: cold nanofluid 
Outer: hot water 
Counter flow  

ü Increase of Nusselt number: 31.28%  
ü Increase of friction factor: 23%  
ü Significant improvement in the performance parameters of the heat exchanger 

with a rise in volume concentration of the nanoparticle 

Kumar, Bhramara [169] Experimental 
Longitudinal strip insert 
Re: 15,000–30,000 
Nanofluid: Fe3O4, mean diameter 36 nm, base fluid: water, 
concentration: 0.005, 0.01, 0.03 and 0.06% 
Inner: hot nanofluid, temperature: 60 ◦C 
Outer: cold water, temperature: 29 ◦C 
Counter flow  

ü Increase of Nusselt number: 41.29%  
ü Increase of friction factor: 26.7%  
ü Heat transfer increases with increasing values of particle concentration, 

Reynolds number and with decreasing values of the aspect ratio of the 
longitudinal strip insert  
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insertion, geometry change and nanofluids. It can be concluded that 
decreasing the standard deviation is accompanied by a decrease in the 
potential of increased heat transfer for that technique. The reduction in 
the range of data for the heat transfer augmentation can be seen in 
Fig. 18. by the minimum and maximum value of data. The standard 
deviation for friction factor has a high value for all techniques except 
nanofluid. This means that the range of friction factor increment for 
these techniques is extensive, especially in the extended surface area. 
The range of friction factors varies extensively by the occupation of the 
flow area in the tube in the extended surface area. 

6. Conclusion 

The present review article has focused on different passive methods 
of heat transfer and friction factor enhancement in DTHEs. There are 
different enhancement techniques in the passive method that can 
improve thermal performance in DTHEs: turbulators insertion, extended 
surface (fin), geometry change, and using nanofluids. All these tech-
niques aim to improve heat transfer rate by reducing the thermal 
boundary layer and modifying thermal properties. The conclusions are:  

• Generally, the heat transfer rate increases by increasing the Reynolds 
number in all techniques.  

• Twisted tape inserts with a cut increases the heat transfer more than 
without the cut.  

• The effect of a coil-wire insert on the enhancement of heat transfer 
decreases as the Reynolds number increases.  

• By decreasing the pitch of the coil, twisted tape, and helical insertion, 
the heat transfer rate and pressure drop increases.  

• The extended surface area (fin) technique has the worst effect on the 
pressure drop and friction factor.  

• Using nanofluids in combination with other techniques is more 
effective than using it alone. 

Using nanofluids provide the best thermal performance factor in 
DTHEs.  

• Using nanofluids with turbulator insertion has the greatest 
enhancement in the heat transfer rate.  

• Turbulators insertion has a higher heat transfer enhancement in low 
Reynolds numbers than in higher Reynolds numbers. This is due to 
the intensification of turbulence. At the laminar regime, the distur-
bance is low, and the turbulator insertion can significantly affect 

perturbation. However, in the turbulent regime, the flow already has 
turbulence, so the turbulator insertion has an insignificant effect on 
the perturbations.  

• Both inner and outer tube modifications have a higher heat transfer 
rate and friction factor in comparison to a modified inner tube.  

• Generally, in turbulator insertion and geometry change techniques, 
the greater the friction created, the higher the heat transfer rate.  

• It is better to use nanofluids in applications that need low friction 
factors.  

• The potential of the heat transfer enhancement is highest for the 
combination of turbulator insertion and nanofluid technique based 
on the standard deviation because this technique uses the beneficial 
effects of both techniques simultaneously.  

• Based on standard deviation, the friction factor increment range is 
more extensive in comparison to the heat transfer increment range. It 
means the potential of the friction factor increment for each tech-
nique is higher than the heat transfer enhancement.  

• Except for the nanofluid technique, almost all other techniques have 
a higher average standard deviation friction factor value than the 
corresponding average standard deviation heat transfer. 

Many researchers have exhaustively explored the use of turbulators 
insertion, geometry change, and nanofluids to enhance the heat transfer 
characteristics in DTHEs. However, the areas below have not yet been 
explored in DTHEs and could be the focus of new research.  

• Investigation of different techniques separately and comparing the 
results precisely to each other to see which technique has the better 
heat transfer rate and friction factor.  

• Investigation of the turbulator insertion, extended surface, geometry 
change and nanofluids techniques in the transient regime.  

• Investigation of the turbulator insertion, extended surface, geometry 
change and nanofluid techniques in different working fluids (other 
than water) and an extensive range of working fluid temperatures.  

• Focusing on the impact of different techniques on friction factor and 
pressure drop. 

• Investigation of different combination techniques, especially turbu-
lator insertion and geometry change, turbulator insertion and 
extended surface, nanofluids and geometry change, geometry change 
and extended surface and nanofluids and extended surface area. 

Fig. 16. Schematic diagram of the experimental system [179].  
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Table 6 
Summary of information on the combination of different nanofluids and geometry change, and their effects compared to pure water and a conventional DTHE.  

Author Conditions Findings 

Qi, Luo [179] Experimental 
Corrugated tube 
Re: 3000–12,000 
Nanofluid: TiO2, base fluid: water, concentration: 0.1, 0.3 
and 0.5% 
Inner: hot water, temperature: 40 ◦C 
Outer: cold nanofluid, temperature: 20 ◦C 
Counter flow  

ü Increase of heat transfer: 14.8% at concentration 0.5%  
ü Increase of the pressure drop: up to 51.9%  
ü The number of transfer unit (NTU) and effectiveness decrease firstly and then increase 

with the increase of Reynolds number  
ü When nanofluid is in the shell-side, the comprehensive performance index is stronger 

Khanmohammadi, 
Rahimi [221] 

Numerical 
Spiral tube 
Re: 10,000–50,000 
Nanofluid: TiO2, mean diameter 25 nm, base fluid: water, 
concentration: 0.1, 0.2, and 0.3% 
Inner: cold nanofluid, temperature: 30 ◦C 
Outer: hot water, temperature: 50 ◦C 
Counter flow  

ü The increase of heat transfer: up to 6%  
ü The increase of friction factor: up to 2%  
ü The friction factor increases with increase of spiral diameter  
ü With increasing the concentration, the temperature increases and the temperature 

contour became uniform because of turbulence of the boundary layer due to adding 
nanoparticles 

Kumar and 
Chandrasekar [222] 

Experimental 
Helical coiled tube 
Re: laminar flow 
Nanofluid: multiwall carbon nanotube, mean diameter 
50–80 nm, base fluid: water, concentration: 0.2, 0.4, and 
0.6% 
Inner: cold nanofluid 
Outer: hot water 
Parallel flow  

ü Increase of heat transfer: 35%  
ü Increase of friction factor: 40% 

Huminic and Huminic  
[223] 

Numerical 
Helical tube 
Re laminar flow 
Nanofluid: Cu and TiO2, mean diameter 24 nm, base fluid: 
water, concentration: 0.5–3% 
Inner: hot nanofluid, temperature: 80 ◦C 
Outer: cold water, temperature: 10 ◦C 
Counter flow  

ü Increase of heat transfer rate: 19%  
ü The convective heat transfer coefficients of the nanofluids and water increased with 

increasing of the mass flow rate and with the Dean number 

Wu, Wang [224] Experimental 
Helical coiled tube 
Re: 1000–15,000 
Nanofluid: Al2O3, mean diameter 40 nm, base fluid: water, 
concentration: 0.20, 0.56, 1.02, 1.50, and 1.88% 
Inner: hot nanofluid, temperature: 28 ◦C 
Outer: cold water, temperature: 5.5 ◦C 
Counter flow  

ü Increase of heat transfer: 3.43%  
ü The apparent friction factor decreases with Re when Re<6000 and increases with Re 

when Re>6000  
ü Additional possible effects of nanoparticles, e.g., Brownian motion, thermophoresis and 

diffusiophoresis, on the convective heat transfer characteristics of the nanofluids are 
insignificant compared to the dominant thermophysical properties of the nanofluids 

Aly [225] Numerical 
Coiled tube 
Re: 5000–30,000 
Nanofluid: Al2O3, mean diameter 40 nm, base fluid: water, 
concentration: 0.5, 1, 2% 
Inner: hot nanofluid, temperature: 50 ◦C 
Outer: cold water, temperature: 20 ◦C 
Counter flow  

ü Increase of heat transfer coefficient: 30%  
ü Increase of pressure drop: 17%  
ü The heat transfer coefficient increases by increasing the coil diameter and nanoparticles 

volume concentration  
ü The friction factor increases with the increase in curvature ratio, and pressure drop 

penalty is negligible when increasing the nanoparticles volume concentration  

Fig. 17. Average heat transfer and friction factor augmentation of different techniques.  
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• Investigation of a combination of three or four different techniques 
together. 
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