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Abstract: In this article, water and TiO2-H2O nanofluids are used as heat exchange 8 

mediums. The heat transfer and resistance coefficient of corrugated tubes with 9 

different corrugation pitches are studied by experimental method. The economy of 10 

experimental system is evaluated from the aspects of quantity and quality of energy 11 

by thermal and exergy efficiencies respectively. The heat transfer performance of 12 

nanofluids in the smooth tube can be enhanced by 2.64-16.9% compared with water 13 

under the same working conditions, while the corrugated tubes can improve the heat 14 

transfer performance by 4.8-66.3%. When the mass fraction of the nanofluid is 0.5%, 15 

the corrugated tubes with different corrugation pitches can increase the heat transfer 16 

by 36.3% (P=6mm), 40.3% (P=4mm) and 44.5% (P=2mm) respectively. For thermal 17 

efficiency, the results prove that when the Reynolds number is larger than 6000, the 18 

comprehensive evaluation indexes of corrugated tubes are much larger than that of 19 

smooth tube, and the maximum can reach 1.5637. For exergy efficiency, the research 20 

results show that the exergy efficiency of the smooth tube is better than that of the 21 

corrugated tubes. 22 
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Nomenclature 24 

A  cross-sectional area, m
2
 25 

bi  intercept of straight line 26 

c1, c2 coefficient in equation 27 

cp heat capacity of nanofluids, 28 

J⋅kg
−1⋅K−1

 29 

cpb heat capacity of base fluid, 30 

J⋅kg
−1⋅K−1

 31 

cpp heat capacity of nanoparticles, 32 

J⋅kg
−1⋅K−1 

33 

CQ,P the ratio of heat transfer rate 34 

between enhanced and 35 

reference surfaces under 36 

identical pumping power 37 

CQ,V the ratio of heat transfer rate 38 

between enhanced and 39 

reference surfaces over the ratio 40 

of friction factor between 41 

enhanced and reference 42 

surfaces under identical flow 43 

rate 44 

CQ,△p the ratio of heat transfer rate 45 

between enhanced and 46 

reference surfaces under 47 

identical pressure drop 48 

d1  outer diameter of tube, m 49 

d2  equivalent diameter of tube, m 50 

d3  inner diameter of tube, m 51 

f   frictional resistance coefficient 52 

h convective heat transfer 53 

coefficient, W⋅m−2⋅K−1
 54 

k thermal conductivity of 55 

nanofluids, W⋅m−1⋅K−1 
56 

ki  slope of straight line 57 

L  length of tube, m
 

58 

Nu  Nusselt number 59 

p  pressure, Pa 60 

P  pitch of corrugated tube, m 61 

Δp/ΔL pressure drop per unit length, 62 

Pa⋅m−1 
63 

Q  heat absorbed by nanofluids, J 64 

qm  mass flow rate, kg⋅s−1
 65 

 66 

 67 

r  outside-radius of tube, m  68 

r’  inner-radius of tube, m 69 

Re  Reynolds number 70 

Tout  outlet temperature of tube, K 71 

Tin  inlet temperature of tube, K 72 

Tf  average temperature of 73 

nanofluids, K 74 

Tw
* 

outside surface temperature of 75 

tube, K 76 

Tw  inside surface temperature of 77 

tube, K 78 

u   velocity of nanofluids, m⋅s−1
 79 

Greek symbols 80 

δ  thickness of tube,m 81 

η relative heat transfer 82 

enhancement ratios 83 

λ thermal conductivity of tube, 84 

W⋅m−1⋅K−1 
85 

μ  dynamic viscosity, Pa•s 86 

ξ comprehensive performance 87 

index 88 

   density of fluid, kg⋅m−3 
89 

p   density of nanofluids, kg⋅m−3 
90 

pb  density of base fluid, kg⋅m−3
 91 

pp  density of nanoparticle, kg⋅m−3 
92 

φ  volume fraction,% 93 

ω  mass fraction,% 94 

Subscripts 95 

m1, m2 exponent in equation 96 

in  import 97 

out  outport 98 

0  circular tube 99 

e  enhanced tube 100 

p  nanofluids 101 

pb  base fluid 102 

pp  nanoparticle 103 

P  under the same pumping power 104 

Re under the same Reynolds 105 

number 106 

V  under the same mass flow rate 107 

Δp  under the same pressure drop 108 

w  wall109 
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1 Introduction 110 

In order to optimize the heat transfer efficiency of the heat exchanger, the 111 

investigations mainly focus on two aspects. One is to heighten the thermal 112 

conductivity of fluid and another is to optimize the surface of heat exchanger.  113 

In the aspect of improving the thermal conductivity of fluids, nanofluids, as a 114 

new kind working fluid, have been studied by many scholars and applied in many 115 

industries, such as natural convection heat transfer [1, 2], forced convection heat 116 

transfer [3, 4], solar absorption [5, 6], clean water [7], sunlight harvest and energy 117 

storage [8], photo-thermal conversion [9, 10], CPU cooling [11, 12] and so on.  118 

Li et al. [13] researched the thermophysical parameters of ZnO/EG nanofluids. 119 

The results demonstrated that the thermal conductivity and viscosity of the nanofluids 120 

increase with the concentration. In addition, it was proved that nanofluids exhibit 121 

Newtonian behavior when the mass fraction of nanoparticle is less than 10.5%. 122 

Ranjbarzadeh et al. [14] formulated the stable SiO2-water nanofluids and studied their 123 

thermal properties, the results proved that the thermal conductivity of 3% SiO2-H2O 124 

nanofluids is enhanced by 38.2%. According to the numerical simulation study of 125 

Alnaqi et al. [15], it could be found that 6% concentration of Al2O3-water nanofluids 126 

can increase the Nusselt number by 5.9%. In addition, many scholars have researched 127 

the thermophysical parameters of oil-based nanofluids. Asadi et al. investigated the 128 

thermal properties of different oil-based nanofluids, including ZnO engine oil 129 

nanofluids and MgO engine oil nanofluids [16], Al2O3-MWCNT thermal oil hybrid 130 

nanofluids [17], Mg(OH)2/MWCNT-engine oil hybrid nano-lubricant [18], 131 
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MWCNT/MgO-SAE50 hybrid nano-lubricant [19]. Results showed that oil-based 132 

nanofluids exhibit Newtonian behavior at a certain temperature and the thermal 133 

conductivity and viscosity all show an increase to varying degrees. Esfe et al. used the 134 

artificial neural network to reckon and optimize the viscosity of MWCNTs-ZnO/ 135 

5W50 nanolubricant [20] and MWCNT-Al2O3/5W50 nanofluids [21], which saves the 136 

cost of experimentally measuring viscosity. Asadi et al. researched the thermal 137 

conductivity of MgO-MWCNT/thermal oil hybrid nanofluids [22] and the dynamic 138 

viscosity of MWCNT/ZnO-engine oil hybrid nanofluids [23]. Results proved that the 139 

thermal conductivity of MgO-MWCNT/ thermal oil hybrid nanofluids is improved by 140 

65%. The dynamic viscosity of MWCNT/ZnO-engine oil hybrid nanofluids decreases 141 

with the increase of temperature, and it can be reduced by up to 85% in the 142 

experimental temperature range. Sheikholeslami et al. [24] researched the effect of 143 

thermal radiation on nanofluids and the results showed that the thermal boundary 144 

layer decreases with thermal radiation. They [25] also used numerical simulation to 145 

study the effect of Hartmann numbers on heat transfer. It was found that the 146 

temperature gradient becomes smaller as the increasing Hartmann number. Afrand et 147 

al. researched the physical properties of different nanofluids. Research content 148 

includes whether the nanofluids are Newtonian fluid [26], the changes of viscosity [27] 149 

and thermal conductivity [28] with temperature. Finally, the corresponding 150 

mathematical models are proposed. Qi et al. [29] researched the heat transfer of 151 

TiO2-H2O nanofluids in a triangular tube and summarized that Nu can be improved by 152 

52.5% when nanoparticle mass fraction is 5%. Hu et al. [30] also applied nanofluids 153 
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in boiling heat transfer and obtained the similar results. When the mass fraction of 154 

graphene nanosheets nanofluids is greater than 0.02%, the critical heat flux remains 155 

unchanged essentially. Qi et al. [31] researched the influence of different nanoparticle 156 

radius on heat transfer properties using the LBM method. It was found that the small 157 

particle size has the positive effect on heat transfer. They also [32] researched the heat 158 

transfer performance of Al2O3 nanofluids with different base fluids by numerical 159 

simulation. The results showed that Al2O3-Ga and Al2O3-H2O nanofluids can improve 160 

heat transfer by 86.0% and 24.5%. Allouhi et al. [33] researched the effects of various 161 

nanofluids on parabolic trough collectors. The results indicated that CuO nanofluids 162 

can improve the exergy efficiency by 9.05%. Imani-Mofrad et al. [34] researched the 163 

application of nanofluids on cooling towers. It could be found that compared with 164 

water, the graphene/water nanofluids can enhance the cooling tower characteristics by 165 

36%, while the alumina/water nanofluids weaken the cooling tower characteristics by 166 

14.7%. Loni et al. [35] researched the application of carbon nanotube/oil nanofluids in 167 

solar energy systems. It was found that carbon nanotube/oil nanofluids can reduce the 168 

heat loss of the experimental system and enhance the thermal efficiency. Asadi [36] 169 

researched the heat transfer performance of MWCNT-ZnO nanofluids in 170 

microchannels. Results indicated that MWCNT-ZnO nanofluids can increase the heat 171 

transfer coefficient by 42%. Rostami et al. [37] used CuO nanofluids as a coolant to 172 

study the cooling performance of PV modules. The results showed that the CuO 173 

nanofluids can reduce the surface average temperature of PV modules by 57.25% at 174 

best. Bellos et al. [38] discussed the influence of CuO nanofluids with different base 175 
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fluids on heat transfer. The results indicated that oil-based nanofluids improve the 176 

thermal efficiency by 0.76% and molten salt-based nanofluids only improve it by 177 

0.26%. Sadeghinezhad et al. [39] researched the heat transfer of graphene 178 

nanoplatelets (GNP) nanofluids in heat pipes, and investigated the influence of heat 179 

pipe tilt angle on heat transfer. Results showed that the heat transfer can be enhanced 180 

by 28.3% when the tilt angle is 60°. Mehrali et al. experimentally researched the heat 181 

transfer of graphene nanosheet (GNP) nanofluids in a laminar flow [40] and turbulent 182 

flow [41]. Results proved that GNP nanofluids can increase the heat transfer by 15% 183 

and 200% under laminar and turbulent flow respectively. In addition, Mehrali et al. 184 

[42] studied the thermal properties and heat transfer performance of nitrogen-doped 185 

graphene (NDG) nanofluids. It was indicated that the thermal conductivity of 0.06 wt% 186 

NDG nanofluid can be increased by 36.78%. 187 

In the aspect of improving the surface of the heat exchanger, many scholars have 188 

done lots of researches. Sundar et al. [43] researched the heat transfer and resistance 189 

coefficient of strip inserts in tubes with ND-Ni nanofluids. It was summarized that the 190 

heat transfer capacity of ND-Ni nanofluid is increased by 35.43% compared with base 191 

fluid and the strip inserts in tubes can enhance the heat transfer by 93.3%. They [44] 192 

also researched the heat transfer capacity of Fe3O4/water nanofluids flowing in 193 

U-bend heat exchangers with inserted coils. Results demonstrated that the heat 194 

transfer can be heightened by 32.03% while the friction loss is also increased by 16.2% 195 

when Re=28954. Ranjbarzadeh et al. [45] reported the heat transfer capacity of 196 

water/graphene oxide nanofluids in a smooth copper tube. Results proved that the 197 
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thermophysical parameters of nanofluids can be increased by up to 28%, and the heat 198 

transfer capacity can be increased by 40.3%. Goodarzi et al. [46] discussed the heat 199 

transfer capacity of Nitrogen-doped graphene (NDG) nanofluids in a double-tube heat 200 

exchanger and it was found that the nanofluids with mass fraction 0.06% can improve 201 

the heat transfer by 15.86% compared with water at a small expense of pump work. 202 

Ranjbarzadeh et al. [47] reported the heat transfer and resistance coefficient of 203 

water/graphene oxide nanofluids. The results proved that Nu of the nanofluids can be 204 

increased by 51.4% and f can be increased by 21% compared with water. Shahsavani 205 

et al. [48] discussed the heat transfer capacity of F-MWCNTs/EG-water nanofluids in 206 

a smooth tube. Results could be summarized that the heat transfer performance is 207 

enhanced with the increasing concentration of the nanofluids and the temperature of 208 

the experimental system. Xu et al. [49] numerically researched the flow of nanofluids 209 

in a tube filled with metal foam. Results proved that the interposition of foam metal in 210 

the tube improves the heat transfer, but the flow resistance is also increased greatly, 211 

and the increase of flow resistance is bigger than that of heat transfer. Sheikholeslami 212 

et al. [50] numerically reported the heat transfer capacity of nanofluids in a circular 213 

tube with helical twisted tape. Results proved that the heat transfer capacity is 214 

observably improved with the reduction of pitch ratio. They [51] also researched the 215 

heat transfer capacity of R600a/oil/CuO nanofluids as refrigerants by experimental 216 

method. The results showed that the performance evaluation parameter is enhanced 217 

with the increasing concentration of the nanofluids. Naphon et al. researched the 218 

effects of magnetic fields strength [52] and direction [53] on the flow of TiO2 219 

javascript:void(0);
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nanofluids in spiral coils tubes. Li et al. [54] reported the heat transfer of Al2O3-water 220 

nanofluids and analyzed the entropy generation. Results showed that the entropy 221 

generation decreases with height ratio and Reynolds number, but it increases with 222 

height ratio. Sheikholeslami et al [55, 56] used numerical simulation to investigate the 223 

exergy loss and the second law efficiency of nanofluids in a pipe. Conclusion was that 224 

exergy loss increase as the decreasing Re. Qi et al. [57] discussed the heat transfer 225 

capacity of nanofluids in elliptical tubes. Experimental results showed that nanofluids 226 

flowing in the elliptical tube with mass fraction 0.5% can enhance the heat transfer by 227 

27.9%. Zhai et al. [58] experimentally measured the heat transfer capacity of 228 

nanofluids in spiral tubes and found that spiral tube with screw pitch s=10 cm can 229 

enhance the heat transfer efficiency by 62%. Mei et al. [59] researched the heat 230 

transfer capacity of Fe3O4-water nanofluids in a corrugated tube under the magnetic 231 

field. Results indicated that Fe3O4-water nanofluids under the magnetic field enhance 232 

the heat transfer by 17.6%. Karimi et al. [60] discussed the influence of cross-section 233 

and other factors on the efficiency of heat exchanger by numerical simulation. The 234 

results showed that Nu of elliptical tube is 10% higher than that of round tube, but the 235 

pressure drop is also increased by 25%. Bahiraei et al. [61] presented an analysis on 236 

the thermal characteristics of graphene nanofluids in a spiral heat exchanger and 237 

found that nanofluids increase the performance index by 142% when the Reynolds 238 

number is from 1000 to 3000. Sharshir et al. [62] and Bahiraei et al. [63] revealed the 239 

significance of nanofluids in heat transfer systems from the second law of 240 

thermodynamics. 241 
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The above scholars have made outstanding contributions in the application of 242 

nanofluids and enhanced heat transfer. However, there are few studies on the 243 

influence of the corrugation pitch of symmetrical corrugated tube on the heat transfer. 244 

In addition, the heat transfer area of corrugated tube is larger than that of the ordinary 245 

tubes. In this paper, the heat transfer and resistance coefficient of TiO2-H2O 246 

nanofluids in corrugated tubes with three different corrugation pitches (P=2, 4, 6mm) 247 

are studied and compared with smooth tube. This article uses two evaluation methods 248 

to analyze the overall efficiency of the system. One is the thermal efficiency (criteria 249 

comprehensive evaluation index) [64], and the other is the exergy efficiency criteria 250 

[65]. The two evaluation methods are adopted to analyze the system from the quantity 251 

and quality of energy. 252 

2 Method 253 

2.1 Experimental system 254 

Compared with other nanoparticles, TiO2 nanoparticles show excellent light 255 

stability and antibacterial effect, hence, TiO2-H2O nanofluids are chosen as heat 256 

exchange medium in this paper. The spherical TiO2 nanoparticles used in this paper is 257 

provided by Nanjing Tianxing New Materials Co., Ltd., and the particle size of the 258 

nanoparticles is about 10 nm. The physical parameters of the deionized water and 259 

nanoparticles used in the experiment are shown in Table 1.  260 

Table 1 Physical parameters of TiO2 nanoparticle and deionized water. 261 

Physical properties 
ρ 

(kg·m−3) 

cp 

(J⋅kg−1⋅K−1) 

μ  

(Pa·s) 

k  

(W⋅m−1⋅K−1) 

deionized water [66] 997.1 4179 0.001004 0.6130 

TiO2 nanoparticles 

[66] 
4250 686.2 — 8.9538 
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In this article, a two-step method is used to prepare TiO2-H2O nanofluids. The 262 

preparation flow chart of the nanofluids is shown in Fig. 1. Firstly, add TDL-ND1 263 

dispersant in water, then stir and mix the mixed solution with a mechanical stirrer, add 264 

nanoparticles into the mixture, and then stir the mixed solution with a mechanical 265 

stirrer and a magnetic stirrer to make the particles fully distribute in the base liquid. 266 

Then, NaOH solution was added into the mixed solution, and after adjusting the pH 267 

value of the solution to 8, and the mixed solution is placed in an ultrasonic vibration 268 

device for ultrasonic vibration, finally, the stable TiO2-H2O nanofluids are obtained. 269 

 270 

Fig. 1 Preparation of TiO2-H2O nanofluids 271 

The concentration of the nanofluids in this paper is expressed by mass fraction. 272 

The mass fraction means the percentage of nanoparticles to the total weight of the 273 

nanofluids. The nanofluids with mass fractions of 0.1%, 0.3% and 0.5% are prepared 274 

in this paper. Take 1000g nanofluids as an example, the specific parameters are shown 275 

in Table 2. 276 

Table 2 Preparation materials (Take 1000g nanofluids as an example) 277 

Mass fraction 0.1% 0.3% 0.5% 

Water/g 939 937 935 

Nanoparticle/g 1 3 5 

Dispersant(TDL-ND1)/g 60 60 60 

Based on our previous studies [66], the authors found that nanofluids have the 278 

best stability when the concentration of the dispersant is 6% and the pH of the 279 
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nanofluids is 8. Moreover, it is found that the nanofluids have no obvious 280 

precipitation after standing for 7 days, so that the prepared nanofluids are ensured to 281 

have good stability. 282 
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99

 283 

Fig. 2 Schematic diagram of the experimental system. 284 

The schematic diagram of the experimental system in this paper is shown in Fig. 285 

2. It can be seen that the experimental system is mainly divided into the heat transfer 286 

characteristics section and resistance test section. The heat transfer characteristics 287 

section is the core part of the experimental system which consists of a stainless steel 288 

smooth tube (corrugated tube). The parameters of the smooth tube and corrugated 289 

tubes are shown in Fig. 3 and Table 3. In order to measure the average temperature of 290 

the tube wall, ten surface mount device thermocouples are evenly distributed on the 291 

outer wall of the tube, and two armored thermocouples are arranged at the inlet and 292 

outlet of the tube to measure the temperatures of the working fluid respectively. An 293 

Agilent data acquisition instrument connected to a computer is used for collecting the 294 

temperatures. Heating wire connected with a DC power is uniformly twined on the 295 
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outside of the tube to provide heat to the experimental system. For reducing heat loss, 296 

the wall is covered with insulation. The materials of the insulating layer are 297 

Aluminum silicate insulation asbestos and rubber tube sleeve. The resistance test 298 

section is also important in the experimental system. The power of the system flow is 299 

provided by a pump and the pressure drop between the inlet and outlet is tested by a 300 

pressure transmitter. 100mm of the left and right ends of the test tube are not included 301 

in the measuring section. This method is used to avoid the entrance effect on the 302 

experiment. 303 

d3d1 d2

L

P

δ 
 304 

Fig. 3 Schematic diagram of the corrugated tube. 305 

Table 3 Parameters of the tubes. 306 

Tube specification 
Geometry dimension 

L(mm) d1(mm) d2(mm) d3(mm) δ(mm) P(mm) 

Smooth 

tube 
Tube 1 1200 - 10 - 1 - 

Corrugated 

tube 

Tube 2 1200 11.5 10 8.5 1 6 

Tube 3 1200 11.5 10 8.5 1 4 

Tube 4 1200 11.5 10 8.5 1 2 

2.2 Experimental data processing 307 

The equivalent diameter of the corrugated tube can be expressed as: 308 

4A
d

L
2
=                                (1) 309 

According to Newton’s law of cooling, the heat absorbed by the fluid is as 310 

follows: 311 

 p m out inQ c q T T                            (2)
 

312 

The formula for the convection heat transfer coefficient is calculated as follows: 313 
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2 w f
( - )

Q
h

πd L T T
                             (3) 314 

where Tf is the average temperature of the fluid, the formula is as follows: 315 

out in
 

f

( + )
=

2

T T
T                              (4) 316 

According to Fourier’s law of heat conduction, the formula of Tw is as follows: 317 

w w

ln( / )

2

Q r r
T T

πλL
 * '                           (5) 318 

where the formula of Tw
*
 is as follows: 319 

1 2 10

w
10

T T T
T

     


( )*                          (6) 320 

The formula of Nusselt number is as follows: 321 

2
hd

Nu
k

                                (7) 322 

According to law of Darcy-Weisbach, the formula of resistance coefficient is as 323 

follows: 324 

2

2

2d Δp
f

ρu ΔL
                                (8) 325 

The formula of Reynolds number is as follows: 326 

Re ud                                (9) 327 

Based on our previous research [65], the density and specific heat of the 328 

nanofluids are calculated by Eqs. (10) and (11) respectively: 329 

p pb pp(1 )c c c   
                             (10)

 330 

p pb pp(1 )                                   (11) 
331 

3 Results and discussions 332 

3.1 Experimental system validation 333 

In order to test the reliability and accuracy of the experimental system, this part 334 

compares the heat transfer and resistance coefficient of water in a smooth tube with 335 
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published literature results [67] and empirical formulas [68]. The results of the 336 

comparison are shown in Fig. 4. It can be proved from the figure that the experimental 337 

results in this paper are highly consistent with the published results and the maximum 338 

error is less than 6%. Therefore, it can be seen that the reliability of the experimental 339 

platform is guaranteed. 340 
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Fig. 4 Heat transfer and flow characteristics of deionized water in a smooth tube. 343 

(a) Nu-laminar flow, (b) Nu-turbulent flow, (c) f-laminar flow, (d) f-turbulent flow. 344 

3.2 Uncertainty analysis 345 

In this paper, the uncertainty of the experiment is calculated to ensure the 346 

accuracy of the experiment. Nu and f are the main features in this study. The formulas 347 

are as follows: 348 

2 2δNu δQ δT

Nu Q T
 ( ) ( )

                            (12)
 349 

m2 2 2

m

δf δp δL δq

f p L q
  ( ) ( ) ( )

                          (13)
 350 
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The uncertainty of the experiment is due to instrument errors and measurement 351 

errors. The latter can be avoided through multiple experiments, but the former cannot 352 

be avoided. The uncertainties of the instruments used in this experiment are shown in 353 

Table 4. According to the calculations of Eqs (12) and (13), The uncertainties of Nu 354 

and f are 1.41% and 1.06% respectively. 355 

Table 4 Experimental equipment and their accuracies 356 

Experimental 

equipment 

DC- 

Power 

(Q) 

thermocouple 

(T) 

pressure 

transducer 

(p) 

length 

(L) 

mass flow rate 

(qm) 

Uncertainty 1% 1% 0.5% 0.1% 1.06% 

3.3 Experimental results and discussions 357 

3.3.1 Analysis of heat transfer performance  358 

Fig. 5 gives the changes of the Nusselt number with the Reynolds number. The 359 

conclusion can be summarized that the heat transfer capacity of the fluid in the tube 360 
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Fig. 5 Nusselt numbers of nanofluids. (a) Nusselt numbers at different Reynolds 363 

numbers, (a-1) laminar flow, (a-2) turbulent flow. 364 
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becomes better with the increase of Reynolds number. The reason may be that the 365 

increase of Reynolds number means an increase of speed, which strengthens the 366 

disturbance of the fluid, destroys the boundary layer and lastiy enhances the heat 367 

transfer. 368 

3.3.1.1 Effect of nanoparticle mass fraction 369 

Fig. 6 shows the effect of adding nanoparticles on the Nusselt numbers. The 370 

eight subgraphs are the heat transfer results of a smooth tube and corrugated tubes 371 

with three different corrugation pitches in laminar flow and turbulent flow. The 372 

conclusion can be summarized as that with the mass fraction of nanoparticles 373 

increases, the heat transfer performance increases. This is because the thermal 374 

conductivity of nanoparticles is obviously larger than that of the water, the addition of 375 

nanoparticles enhances the thermal conductivity of the fluid. In addition to the high 376 

thermal conductivity of the nanofluids, there is an important factor which is the 377 

existence of large Brownian force, and it is the difference between nanofluids and 378 

ordinary two-phase fluids. Because the large Brownian force can destroy the flow 379 

boundary layer, strengthen the disturbance, and then enhance the heat transfer. 380 

However, it can be obtained that the heat transfer enhancement ratio from 1% to 3% is 381 

greater than that from 3% to 5%. This is because that the addition of nanoparticles in 382 

water not only improves the thermal conductivity, but also increases the viscosity of 383 

the fluid, which is a disadvantageous for heat transfer enhancement. Therefore, it is 384 

impossible to increase the mass fraction of nanoparticles without limitation to 385 

enhance the heat transfer. 386 
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Fig. 6 Effects of nanoparticle mass fractions on Nusselt numbers of smooth tube and 391 

corrugated tube. Tube1: (a) laminar flow, (b) turbulent flow. Tube2: (c) laminar flow, 392 

(d) turbulent flow. Tube3: (e) laminar flow, (f) turbulent flow. Tube4: (g) laminar flow, 393 

(h) turbulent flow. 394 

3.3.1.2 Effect of the structure of tube 395 

The eight subgraphs in Fig. 7 represent the heat transfer capacity of different 396 
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nanoparticle mass fractions in laminar flow and turbulent flow.  397 
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Fig. 7 Effects of tube structures on Nusselt numbers. ω=0.0%: (a) laminar flow, (b) 402 

turbulent flow. ω=0.1%: (c) laminar flow, (d) turbulent flow. ω=0.3%: (e) laminar 403 

flow, (f) turbulent flow. ω=0.5%: (g) laminar flow, (h) turbulent flow. 404 

It can be obtained that the heat transfer performance is less influenced by the 405 

changes of the corrugation pitch when the Reynolds number is less than 6000. When 406 
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the Reynolds number increases, the vortex generated is larger and the backflow is 407 

stronger, and the heat transfer capacity is more influenced by the structure of tube. 408 

Therefore, under the condition that the Reynolds number increases, the heat transfer 409 

capacity of corrugated tube is obviously stronger than that of smooth tube. The heat 410 

transfer capacity of corrugated tube with different corrugation pitches is also different. 411 

As can be seen from the various subgraphs, tube 4 has the best heat transfer 412 

performance. This is because the corrugation pitch of the corrugated tube 4 is the 413 

smallest, and a small corrugation pitch will cause the fluid to generate a more intense 414 

secondary reflux, which washes the walls and thins the boundary layer and it can 415 

cause an increase in the temperature gradient. At the same time, nanoparticles further 416 

disrupt the flow boundary layer in the secondary flow and then enhance the heat 417 

transfer. 418 

3.3.1.3 Heat transfer enhancement ratio 419 

In order to clearly see the effect of nanofluid and tube structures on heat transfer 420 

performance, all working conditions are compared with the flow of water in the 421 

smooth tube according to formula (14). Results are shown in Fig. 8.  422 
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be

circular tube

Nu Nu

Nu





                            (14) 
423 

It can be obtained that the heat transfer enhancement of corrugated tube is 424 

significantly stronger than that of smooth tube. In laminar flow, the heat transfer 425 

capacity of the nanofluids in smooth tube and corrugated tubes is enhanced by 426 

2.64-22.62% compared with water flowing in the smooth tube. In turbulent flow, it 427 

can be enhanced by 4.3-66.34%. When the Reynolds number exceeds 6000, the heat 428 
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exchange capacity of the corrugated tubes far exceeds that of smooth tube. The heat 429 

transfer capacity of nanofluids in the smooth tube can be enhanced by 2.64-16.9% 430 

under the same working conditions compared with water, while the corrugated tubes 431 

can enhance the heat transfer by 4.8-66.3%. When the mass fraction of the nanofluid 432 

is 0.5%, the corrugated tubes with different corrugation pitches can increase the heat 433 

transfer by 36.3% (P=6mm), 40.3% (P=4mm) and 44.5% (P=2mm) respectively. In 434 

addition, it can be seen from Fig. 8 that the smooth tube and corrugated tubes at 435 

Re=8000 and Re=10000 show the largest heat transfer enhancement ratio respectively. 436 

The relative heat transfer enhancement ratio (η) is basically unchanged when the 437 

Reynolds number exceeds the critical Reynolds number. 438 
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Fig. 8 Relative heat transfer enhancement ratios. (a) relative heat transfer 441 

enhancement ratios at different Reynolds numbers, (a-1) laminar flow, (a-2) turbulent 442 

flow. 443 

3.3.2 Analysis of resistance performance  444 

It can be concluded from the Fig. 9 that the resistance coefficient decreases as the 445 
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increase of Reynolds number in laminar flow and turbulent flow respectively. This is 446 

consistent with Eq. (8). For the frictional resistance coefficients of nanofluids, there is 447 

a small increase with nanoparticle mass fractions, and the frictional resistance 448 

coefficients of nanofluids are close to each other. The reason is that the increase of 449 

frictional resistance coefficients caused by the increase of nanoparticle mass fractions 450 

is far less than the influence of different tube types. In order to clearly see the effect of 451 

nanoparticle mass fraction and tube shape on the drag coefficient, the nanoparticle 452 

mass fraction and tube type, as variables, are analyzed respectively. 453 
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Fig. 9 Resistance coefficients of nanofluids at different Reynolds numbers. (a) 455 

laminar flow, (b) turbulent flow. 456 

3.3.2.1 Effect of nanoparticle mass fraction 457 

Fig. 10 shows the effect of adding nanoparticles on the resistance coefficient. 458 

The eight subgraphs are the results of a smooth tube and corrugated tubes with three 459 

different corrugation pitches in laminar flow and turbulent flow. Under the same 460 

Reynolds number, the resistance coefficient increases with the nanoparticle mass 461 

fraction. This is because the viscosity of the nanofluids increases with the increasing 462 

nanoparticles, which causes an increase in friction loss, therefore, the resistance 463 

coefficient increases.  464 
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Fig. 10 Effects of nanoparticle mass fractions on resistance coefficients of smooth 469 

tube and corrugated tube. Tube1: (a) laminar flow, (b) turbulent flow. Tube2: (c) 470 

laminar flow, (d) turbulent flow. Tube3: (e) laminar flow, (f) turbulent flow. Tube4: (g) 471 

laminar flow, (h) turbulent flow. 472 

3.3.2.2 Effect of the structure of tube 473 

Fig. 11 gives the effect of different tube structures on the resistance coefficient 474 
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under the same nanoparticle mass fraction.  475 
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Fig. 11 Effects of tube structures on resistance coefficients. ω=0.0%: (a) laminar flow, 480 

(b) turbulent flow. ω=0.1%: (c) laminar flow, (d) turbulent flow. ω=0.3%: (e) laminar 481 

flow, (f) turbulent flow. ω=0.5%: (g) laminar flow, (h) turbulent flow. 482 

It can be concluded that the resistance coefficients of corrugated tubes are 483 

markedly bigger than that of smooth tube. From the analysis of perspective of fluid 484 
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mechanics, as the fluid flows through the trough, the static pressure decreases and the 485 

velocity increases. Conversely, as the fluid flows through the peak, the static pressure 486 

increases and the velocity decreases. Thus vortexes are generated which increases the 487 

pressure loss and resistance coefficient. When the corrugation pitch of the corrugated 488 

tube becomes small, the resistance coefficient increases, which has the similar 489 

reasons. 490 

3.3.3 Comprehensive evaluation index 491 

According to above researches on the heat transfer and resistance characteristics 492 

of the tubes, the combination of corrugated tube and nanofluids increases the Nusselt 493 

number to varying degrees, but the resistance coefficient also increases. Therefore, it 494 

is inaccurate to only use the improvement of Nusselt number to evaluate the system. 495 

The comprehensive performance index (thermal efficiency) is proposed to solve this 496 

problem well, and it is adopted to evaluate the heat transfer performance considering 497 

the Nusselt number and flow resistance coefficient comprehensively. It is one of the 498 

effective methods to judge the heat transfer of enhanced tubes. The evaluation criteria 499 

of the comprehensive performance index is as follows [64]: 500 
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water+smooth water+smooth

Nu f

Nu f


 
   

    
   

 

                     (15) 501 

Fig. 12 shows the comprehensive performance indexes. It can be seen from Fig. 502 

12 that the trend of the comprehensive performance index is consistent with the 503 

relative heat transfer enhancement ratio, which indicates that Nusselt number 504 

dominates the comprehensive evaluation. The comprehensive evaluation indexes of 505 
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corrugated tubes are obviously larger than that of smooth tube under the same 506 

Reynolds number. The maximum evaluation index of the smooth tube can reach 1.156, 507 

while the corrugated tubes can reach 1.5637. It can be seen from Fig. 12, smooth tube 508 

and corrugated tubes have different critical Reynolds numbers. The critical Reynolds 509 

number of smooth tube is 8000, but the critical Reynolds number of corrugated tube is 510 

10000. When the Reynolds number exceeds the critical Reynolds number, the 511 

comprehensive evaluation index is basically unchanged. In addition, it can be seen 512 

that the comprehensive performance indexes of the corrugated tubes in the transition 513 

zone are basically the same as that of the smooth tube when Re=8000, which indicates 514 

that the corrugated tubes can obtain higher heat exchange efficiency with less pump 515 

work. 516 
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Fig. 12 Comprehensive performance indexes. (a) comprehensive performance 519 

indexes at different Reynolds numbers, (a-1) laminar flow, (a-2) turbulent flow. 520 

3.3.4 Exergy efficiency evaluation 521 
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The comprehensive evaluation index comprehensively evaluates the economic 522 

efficiency of the system from energy consumption (resistance coefficient) and output 523 

(Nusselt number), but it does not consider the quality of energy. An exergy efficiency 524 

criterion is developed by our previous published reference [65], which is used to 525 

evaluate the change in energy quality of the fluid in the enhanced tubes. 526 

The formula for exergy efficiency of heat exchange tubes is obtained [65]: 527 
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Take the logarithm of both sides of Eq (16): 530 
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where ,lnP Q Pb C , 
,lnp Q pb C  , ,lnV Q Vb C , 11 m 0   ， 20 m 1  . 532 

According to Eq. (17), the exergy efficiency evaluation plot is shown in Fig. 13 533 

[65]. 534 
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Fig. 13 Performance evaluation plot for exergy efficiency [65] 536 

When the point is in Region Ⅳ，it means that the exergy efficiency of enhanced 537 

tube is better than that of smooth tube under all three conditions (the same mass flow, 538 

the same pump power, the same pressure drop). When the point is in Region Ⅲ，it 539 
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means that the exergy efficiency of the enhanced tube is better than that of smooth 540 

tube under the same pressure drop and the same pump power, but it deteriorates under 541 

the same mass flow. When the point is in Region Ⅱ，it means that the exergy 542 

efficiency of enhanced tube is better than that of smooth tube under the same pressure 543 

drop, but it deteriorates under the same mass flow and the same pump power. When 544 

the point is in Region Ⅰ，it means that the exergy efficiency of enhanced tube is 545 

worse than that of smooth tube under all three conditions (the same mass flow, the 546 

same pump power, the same pressure drop). 547 

Fig. 14 shows the exergy efficiency of nanofluids with different mass fractions in 548 

smooth tube and corrugated tubes. The subgraphs (a-1, b-1, c-1, d-1) represent the 549 

exergy efficiency of the four tubes, and the subgraphs (a-2, b-2, c-2, d-2) represent the 550 

slopes of the points in subgraphs (a-1, b-1, c-1, d-1). Fig. 15 shows the exergy 551 

efficiency of smooth tube and corrugated tubes under the same mass fractions of 552 

nanofluids. The subgraphs (a-1, b-1, c-1, d-1) represent the exergy efficiency of 553 

nanofluids with different mass fractions, and the subgraphs (a-2, b-2, c-2, d-2) 554 

represent the slopes of the points in subgraphs (a-1, b-1, c-1, d-1). 555 

It can be seen that ki decreases with the mass fraction of the nanoparticles, which 556 

indicates that the exergy efficiency decreases. The reason may be that an increase in 557 

the mass fraction of the nanofluids leads to an increase in viscosity. The viscosity of 558 

fluid means that there is internal friction when the fluid flows, and energy is 559 

consumed to overcome the internal friction, which means that the quality of the 560 

energy is reduced. It can be also found that all the points are in Region Ⅳ and 561 
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Region Ⅲ, which indicates that the exergy efficiency of the experimental system is 562 

improved compared to water flowing in the smooth tube under the same pump power. 563 
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Fig. 14 Effects of nanoparticle mass fractions on exergy efficiency and slopes. Exergy 568 

efficiency: (a-1) tube1, (b-1) tube2, (c-1) tube3, (d-1) tube4. Slope: (a-2) tube1, (b-2) 569 

tube2, (c-2) tube3, (d-2) tube4.  570 
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Fig. 15 Effects of tube structure on exergy efficiency and slopes. Exergy efficiency: 575 

(a-1) ω=0.0%, (b-1) ω=0.1%, (c-1) ω=0.3%, (d-1) ω=0.5%. Slope: (a-2) ω=0.0%, 576 

(b-2) ω=0.1%, (c-2) ω=0.3%, (d-2) ω=0.5%.  577 

As can be seen from the Fig.14 and Fig.15, the exergy efficiency of the smooth 578 

tube is the best, and the exergy efficiency of the corrugated tubes decreases with the 579 

decreasing corrugation pitch. It indicates that the exergy efficiency of smooth tube is 580 
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stronger than that of the corrugated tubes. This indicates that corrugated tubes make 581 

an important contribution to the reduction of energy quality. As can be seen from the 582 

subgraphs (a-2, b-2, c-2, d-2), most of the points are in Region Ⅲ in laminar flow. 583 

However, as the Reynolds number increases, the points gradually are close to Region 584 

Ⅳ. It means that the exergy efficiency is generally improved with the Reynolds 585 

number. 586 

4 Conclusion 587 

The heat transfer and resistance coefficient of corrugated tubes with different 588 

corrugation pitches were studied by experimental method and the experimental 589 

system was evaluated from the aspects of quantity and quality of energy by thermal 590 

and exergy efficiency respectively. The main conclusions obtained from the 591 

experiment are as follows: 592 

(1) Compared with water, the heat transfer performance of nanofluids in smooth 593 

tube can be enhanced by 2.64-16.9% under the same working conditions, while the 594 

corrugated tubes can enhance heat transfer performance by 4.8-66.3%. 595 

(2) Heat transfer performance increases with decreasing corrugation pitch. When 596 

the mass fraction of the nanofluid is 0.5%, the corrugated tubes with different 597 

corrugation pitches can increase the heat transfer by 36.3% (P=6mm), 40.3% 598 

(P=4mm) and 44.5% (P=2mm) respectively. 599 

(3) Corrugated tubes and smooth tube have different critical Reynolds numbers 600 

for the maximum of comprehensive evaluation index. The smooth tube is 8000, and 601 

the corrugated tubes are 10000. The comprehensive evaluation index is basically 602 
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unchanged when the Reynolds number exceeds the critical Reynolds number. 603 

(4) The results indicate that when the Reynolds number exceeds 6000, the 604 

comprehensive evaluation index of corrugated tubes is much larger than that of 605 

smooth tube. The maximum comprehensive evaluation index of smooth tube can 606 

reach 1.156, while the corrugated tubes can reach 1.5637. 607 

(5) The exergy efficiency of the smooth tube is better than that of the corrugated 608 

tubes. This indicates that corrugated tubes have an important contribution to the 609 

reduction of energy quality. 610 
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