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Abstract
Generally, there are two main methods to increase the thermal performance of the heat exchanger, which include active and

passive methods. Passive mode, unlike active mode, does not need external power which the heat transfer rate can be

increased by utilizing changes in the flow regime or direction of the fluid path. In the present survey, numerical analysis of

the effect of geometrical and operational parameters on the thermal performance of a convergent–divergent tube is done.

Numerical simulations are performed using the commercial CFD code. The investigated geometrical parameters include

the large and smaller diameters of the cone’s wall, the pitch of the cone and the height of the roughness. Obtained results in

the first section indicate that the proposed wavy geometry leads to enhanced heat transfer in the pipe. In the second section

of the study, instead of pure water, two types of water-based nanofluids, including water/Al2O3 and water/CuO, are

utilized, and the obtained results are compared with pure water. Results indicate that water/Al2O3 nanofluid has better

thermal performance than CuO/water and especially pure water. As a result, it can be said that for water/Al2O3 nanofluid at

low Reynolds number (Re = 10,000), the case with u = 4% has 9.29% more thermal performance than pure water which

has the highest thermal performance. Also, at high Reynolds number (Re = 20,000), the case with u = 5% has 7.15% more

thermal performance than pure water. The lowest thermal performance improvement in comparison with pure water

belongs to the case with u = 2% at high Reynolds number (Re = 20,000) with about 6%. Also, for water/CuO nanofluid,

the case with u = 3% at low Reynolds number (Re = 10,000) and the case with u = 5% at high Reynolds number

(Re = 20,000) have highest and lowest thermal performance improvement in comparison with pure water with 8.86% and

6.25%, respectively.

Keywords Numerical simulation � Convergent–divergent tube � Heat transfer enhancement � Nanofluid � Computational

fluid dynamic (CFD)

Introduction

Nowadays, fossil fuels are used extensively in various

industries. Due to the lack of these energies and the loss of

some of them at work as waste heat, it is necessary to find

efficient methods to optimize heat transfer and make better

use of these energies and prevent wasting. Heat exchangers

are used in various industries, such as oil and gas refineries,

automotive industry and air-conditioning.

Considering different efficient parameters, including the

dimensions, size and mass of heat exchangers, and saving

the initial cost of construction led to various methods to

optimize heat transfer in heat exchangers. In recent years,
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researchers have made great efforts to use active and pas-

sive methods to increase heat transfer in heat exchangers.

To increase the heat transfer rate in the heat exchanger,

the active method needs the external force such as surface

vibration and spray, whereas the passive method does not

require external power. By changing the geometry of the

heat exchanger and the flow regime or by adding additives

to the fluid, heat transfer rates can be increased. Due to the

low cost, the use of this method has been of great interest.

Passive methods are utilizing any device which produces

swirl flow like twisted tape, turbulators, wire coil, and etc.

On the other hand, any change in the direction of the fluid

path, which increases the contact of fluid and wall with

constant heat flux, is a passive method. In the recent years,

there are a huge number of published studies which are

related to passive methods of heat transfer enhancement.

Some of them are listed as follows.

Rainieri and Pagliarini [1] studied experimentally the

effect of utilizing a corrugated tube in heat transfer

enhancement of the double-pipe heat exchanger. The range

of considered Reynolds number was between 90 and 800.

Two different corrugation patterns, including axial sym-

metrical and helical corrugations, were tested. Results

indicated that the geometry and pattern of corrugation have

a significant effect on local Nusselt number. Also, the

helical corrugation, in comparison with the other, makes

major swirl flows and heat transfer enhancement. Prom-

vonge and Eiamsa-ard [2] utilized two passive techniques,

including conical ring and twisted tape turbulators, exper-

imentally to enhance the heat transfer in a double-pipe heat

exchanger. The range of considered Reynolds number is

between 6000 and 26,000. The results showed that the

average heat transfer rate increased by about 367% in

comparison with plain tube. Also, the friction factor raised

extensively. Garcia et al. [3] studied the effect of three

different methods of synthetic roughness on the improve-

ment of heat transfer rate. The results showed that for

Reynolds number less than 200, the application of flat

tubes, for Reynolds between 200 and 2000, the use of coils,

and for Reynolds above 2000, using tubes, result in a better

thermal performance.

The increase in heat transfer was experimentally studied

by Eiamsa-ard et al. [4] using three spiral tube strips

(HTTs). These experiments were carried out for Reynolds

number between 6000 and 20,000. The results indicated

that the highest thermal performance coefficient of 1.29

was obtained using the tape having the largest ratio of the

bolt in Reynolds number 6000. Rabienataj et al. [5]

investigated the turbulent heat transfer numerically once by

aluminum oxide nanofluid and again by pure water inside

the curved spiral tubes. The study was performed in Rey-

nolds number between 10,000 and 40,000. The results

showed that adding 2% and 4% nanoparticles to water

increased heat transfer by 21% and 58%, respectively.

Mohammadi and Sabzpooshani [6] conducted an

investigation in parametric performance and increasing the

air heating using fin and baffle. In the utilized method,

because of the reduction of the flow path and the conse-

quent reduction of the hydraulic diameter, the heat transfer

rate rises by breaking in fluid flow and forming secondary

flows in a heat exchanger.

Naik et al. [7] compared the thermal performance of

utilizing twisted tapes and coil in turbulence nanofluid of

CuO/water experimentally. Results indicated that the

thermal conductivity related to the nanofluid in a pipe with

coil was higher than that observed in a pipe with twisted

tapes. Esmaeilzadeh et al. [8] investigated the application

of the twisted tape to increase heat transfer. Their results

claim that the twisted tapes have a significant effect on the

increase of heat transfer and also the friction factor since

the twisted tapes enforce the degree of turbulence.

The thermal transfer characteristics and pressure drop of

turbulence flow in a pipe with outer wound twisted wire

were studied by Zohir et al. [9]. Experimental results

showed that the heat transfer rate increases by increasing

the pitch of twisted wire. Kareem et al. [10] studied the

heat transfer process in a three-edge spiral wound tube

experimentally and numerically. Results concluded that the

increase in the heat transfer rate was 7.2–4.7 times more

than the smooth tube and significant increase in friction

was observed 2.4–1.7–1.5 times more than the smooth

tube.

Bhuiya et al. [11] studied the heat transfer in a circular

pipe with double twisted tape with opposite direction. The

air is used as working fluid. The improvement of thermal

efficiency in a tube with double twisted tapes with holes in

a constant blower power reached about 1.08–1.44.

Afsharpanah et al. [12] performed a three-dimensional

numerical simulation to study the heat transfer enhance-

ments in a tube with double-sided twisted tape and con-

vergent–divergent outer wall. A fixed uniform heat flux

was used on the outer wall of the pipe, and water was

working fluid. The geometrical parameters of the conver-

gent–divergent wall were not investigated, and the study

just focused on the geometrical parameters of the twisted

tapes. The results indicated that creating a hole on the

twisted tapes has no significant effect on heat transfer

generally, but the effect appeared at high Re.

In the field of simulation of nanofluid by single-phase

model, there are significant researches which some of them

are noted as follows. Nakhchi and Esfahani [13] analyzed

entropy generation for the Cu–water nanofluid flow

through a heat exchanger tube equipped with perforated

conical rings. Frictional and thermal entropy generation

rates were defined as functions of velocity and temperature

1484 F. A. Hamedani et al.

123



gradients. The results indicated that the thermal irre-

versibility is dominant in most of the tube. But it decreases

with the increase in nanoparticle volume fraction. Fric-

tional entropy generation reduces with the increase in the

number of holes from 4 to 10. Toghraie et al. [14] inves-

tigated the flow and heat transfer characteristics in smooth,

sinusoidal and zigzag-shaped microchannel with and

without nanofluid. Zigzag and sinusoidal-shaped channels

are special kinds of the convergent–divergent channel. The

results showed that by increasing the volume fraction of

Copper oxide nanoparticle, Nusselt numbers are increased.

Obtained results showed that if only the increase in heat

transfer is considered, using sinusoidal microchannels

without nanoparticles is a more effective method than

using nanoparticles in smooth microchannels.

Bhattacharyya et al. [15] investigated the heat transfer

and fluid flow of Al2O3–water nanofluid in an inclined

enclosure numerically. The heated side wall of the enclo-

sure was considered to be wavy, while the top wall is made

to translate horizontally. The wavy physical domain was

transformed into a square computational domain through a

suitable coordinate transformation. The effect of the

nanoparticle bulk volume fraction and nanoparticle diam-

eter on the mixed convection was analyzed. The inclination

angle of the enclosure is found to have an impact on the

mixed convection when the buoyancy force is dominant.

Heat transfer augmentation occurs as the wave number, and

wave amplitude of the wavy side wall is increased.

Mohebbi et al. [16] performed 2D numerical simulations to

study the laminar forced convection of a nanofluid in a

ribbed channel with apart heating (cooling) sources using

the lattice Boltzmann method (LBM). The multi-walled

carbon nanotubes–iron oxide nanoparticles/water hybrid

nanofluid (MWCNT–Fe3O4/water hybrid nanofluid) was

used in this simulation. The effect of Reynolds number

(Re = 25, 50, 75 and 100), nanoparticle solid volume

fraction (/ = 0, 0.001, 0.003) and the ratio of the blocks

height (A = 0.2, 0.3, 0.4) were measured. The obtained

results showed a maximum value of 16.49% increase in the

average heat transfer coefficient for all the considered cases

relative to the base fluid. Moreover, the local Nusselt

number proved that the use of blocks on the channel walls

could increase the amount of heat transfer.

Sajid et al. [17] comprised experimental investigation on

heat transfer and hydrodynamic characteristics of TiO2

nanofluid as the coolant in wavy channel heat sinks having

three different channel configurations. The performance of

TiO2 nanofluids having concentrations of 0.006, 0.008,

0.01 and 0.012 vol% is compared with that of distilled

water under laminar regime at heating powers of 25 W,

35 W and 45 W. Results indicated that for all heat sinks,

nanofluids showed better heat transfer characteristics than

distilled water. With an increase in heating power, TiO2

nanofluid thermal performance was decreased.

Kuppusamy et al. [18] performed a numerical investigation

to study the thermal and flow fields in a trapezoidal

grooved microchannel heat sink (TGMCHS) using

nanofluids. The influence of the geometrical parameters

such as the width, depth and the pitch of the groove on the

thermal performance of TGMCHS was examined. The

considered nanofluid is Al2O3–H2O. Results indicated that

Al2O3–H2O had the highest thermal performance with 0.04

volume fraction and 25 nm particle diameter.

Kuppusamy et al. [19] conducted a numerical simulation

to examine the heat transfer and fluid flow characteristics

of nanofluids in a triangular grooved microchannel heat

sink (TGMCHS). The effect of the geometrical parameters

such as the angle (50–100�), depth (10–25 lm) and the

pitch (400–550 lm) of the groove on the thermal perfor-

mance of TGMCHS was examined. The effects of different

nanoparticle types (Al2O3, CuO, SiO2, ZnO), volume

fraction (Ø = 0.01–Ø = 0.04), particle diameter

(25–80 nm) and base fluid (water, ethylene glycol, engine

oil) at different Reynolds numbers are also studied. It is

found that the TGMCHS thermal performance of using

Al2O3–H2O (Ø = 0.04, dnp = 25 nm) is outperformed the

simple MCHS using water. Mohammed and Narrein [20]

investigated numerically the effects of using different

geometrical parameters with the combination of nanofluid

on heat transfer and fluid flow characteristics in a helically

coiled tube heat exchanger. A CuO nanoparticle with a

diameter of 25 nm dispersed in water with a particle con-

centration of 4% was used as the working fluid. The results

revealed that certain geometrical parameters such as the

helix radius and inner tube diameter do affect the perfor-

mance of the HCTHE under laminar flow conditions. It was

also found that counter-flow configuration produced better

results as compared to parallel-flow configuration.

Narrein and Mohammed [21] studied the effects of using

various types of nanofluids and rotation on heat transfer

and fluid flow characteristics in a helically coiled tube heat

exchanger numerically. Mainly, the effects of nanoparticles

type (Al2O3, SiO2, CuO, ZnO), its concentration (1–4%)

and particle diameter (25–80 nm), and base fluid type

(water, ethylene glycol, engine oil), toward the heat

transfer and fluid flow characteristics, are comprehensively

analyzed. The results revealed that nanofluids could

enhance the thermal properties and performance of the

HCTHE, but it was accompanied by a slight increase in

pressure drop. It was found that the Nusselt number is

highest using CuO–water nanofluid in this study. Also,

rotation can be used to enhance the heat transfer rates.

Mohammed et al. [22] evaluated the effects of two-di-

mensional laminar and turbulent combined convection

nanofluids flow over backward-facing step in a channel

having a blockage, numerically. The duct has a step height
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of 0.01, and an expansion ratio of 2. The Reynolds number

was in the range of 100–1900 (laminar flow) and in the

range of 4000–10,000 (turbulent flow). The effect of the

blockage shape (circular, square and triangular) on the flow

and heat transfer characteristics is examined. The effects of

various types of nanoparticles such as Al2O3, SiO2, CuO

and ZnO dispersed in a base fluid (water), the volume

fraction of nanoparticles in the range of 1–4% and

nanoparticle diameter in the range of 25–80 nm were also

studied.

In this survey, a numerical study of the effect of geo-

metric parameters on the performance of double-tube heat

exchangers with a convergent–divergent tube is carried out

numerically. A commercial CFD code, ANSYS FLUENT

18.2 software, was utilized to perform numerical simula-

tions. The effect of four geometrical parameters, including

the large and smaller diameters of the cone’s wall, the pitch

of the cone and the height of the roughness and the flow

parameter (Reynolds number) has been investigated and

analyzed. At the second section of the study, instead of

pure water, two types of water-based nanofluids, including

water/Al2O3 and water/CuO are utilized, and the obtained

results are compared with pure water.

Novelty of present paper In the previous studies, change in

the geometry of the channel to increase the heat transfer

enhancement has been an efficient method as a passive

method. Among different kinds of channel’s wall like cor-

rugated, zigzag, sinusoidal and, etc., the convergent–diver-

gent tube is a new geometric for the channel which causes

high heat transfer rate in comparison with the simple tube. In

the present paper, the numerical simulations are performed

to investigate the effects of the geometrical and operational

parameters of the convergent–divergent tube. Also, in the

second section of the present study, as well as water, two

water-based nanofluids, including water/Al2O3 and water/

CuO, are considered and analyzed as working fluid. In the

third section of the present study, the effect of different

volume concentrations of the water-based nanofluid on heat

transfer enhancement is investigated. The present study is the

first comprehensive article which focuses just on heat

transfer enhancement in a convergent–divergent tube.

Research method, calculations and formulas

Here, the general form of the governing equations is pre-

sented first. Three-dimensional equations governing the

mass conservation, momentum and energy were solved

utilizing the computational fluid dynamic.

Single-phase equations consist of mass, momentum and

energy equations. Momentum and mass conservation

equations are applied to calculate velocity vectors. The

temperature distribution and the heat transfer coefficient of

the wall are computed with the energy equation. The

equations for the conservation of mass, momentum and

energy are as follows [23]:

Mass conservation equation

Mass conservation equation or continuity is as follows:

oq
ot

þrr � qv~ð Þ ¼ Sm ð1Þ

Equation 1 is the general form of mass conservation

equation, which is valid in compressible and incompress-

ible flows. The mass added to the continuous phase of the

second phase of the diffusion is defined like the evapora-

tion of liquid droplets or any other defined source.

Momentum conservation equation

Momentum conservation equation in any non-accelerated

coordinate system is defined as follows:

o qv~ð Þ
ot

þr � qv~v~ð Þ ¼ �rpþr s
� �

þ qg~þ F~ ð2Þ

where P is the static pressure, s is the stress tensor and

qg~and F~ are the volumetric forces of acceleration of

gravity and involved foreign forces. The tension tensor is

defined as:

s ¼ l rv~þrv~T � 2

3
r � v~I

� �� �
ð3Þ

where in the above relation, l is the molecular viscosity, I

is the tensor, the second term to the right is the volume

change effect. To perform numerical computations, there

are many turbulent modeling methods. Realizable k-e
model is one of the two-equation models for turbulent

modeling presented by shih et al. [24], which is utilized

here to model the turbulent fluid flow and heat transfer. For

boundary condition: at the outer wall, no-slip boundary

condition and constant wall heat flux were applied, and in

the flow inlet boundary, constant velocity and constant

temperature were assumed.

Energy conservation equation

Energy equation defined below:

o qEð Þ
ot

þr � v~ qE þ pð Þð Þ

¼ r keffrT �
X

j

hjJ~j þ seff � v~
� �

 !

þ Sh

ð4Þ

where k is the thermal conductivity and J~j is the diffusion

flux of different kinds. The three first-order terms to the

right of Eq. 4 are guidance, diffusion and loss of viscosity,
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respectively. Sh consists of heat generated by chemical

reactions or any other volume heating source.

Thermophysical properties of nanofluid

Addition of nanoparticle to the water can improve the

thermophysical properties of it. Many experimental mea-

surements have been done to obtain the properties of

nanofluid and the results show that changes in viscosity and

thermal conductivity of nanofluid do not carry out the

mixture rules, so several researchers suggested different

correlations to predict the thermophysical properties. The

effective properties of nanofluid are defined as follows:

Density [25]:

qnf ¼ 1� /ð Þqf þ /qnp ð5Þ

Specific heat capacity [26]:

Cpnf ¼
1� /ð Þ qCnp

� �
f
þ/ qCnp

� �
np

qnf
ð6Þ

Thermal conductivity [27]:

knf

kf
¼ 1þ 4:4Re0:4Pr0:66

T

Tfr

� �10
knp

kf

� �0:03

/0:66 ð7Þ

where Re is the nanofluid Reynolds number, Pr is the

Prandtl number of base fluid, T is nanofluid temperature,

Tfr is the freezing point of the base fluid, kP, and / are

thermal conductivity and the volume concentration of the

nanoparticle, respectively.

Viscosity [28]:

lnf
lf

¼ 1þ/ð Þ11:3 1þT�273:15

70

� ��0:038

1þdnp�109

170

� ��0:061

ð8Þ

The water-based Al2O3 and CuO nanofluids are chosen

in this study. The thermophysical properties of nanoparti-

cles that are used in present simulation are shown in

Table 1.

Operational parameter definition

To analysis the results, some parameters, including the

non-dimensional numbers, are necessary that will be as

follows:

Reynolds number:

Re ¼ qudh
l

ð9Þ

where dh is the hydraulic diameter.

Nusselt number:

Nu ¼ hmdh

k
ð10Þ

where hm is the mean heat transfer coefficient:

hm ¼ _qm
Tw � Tm

ð11Þ

Mean temperature (Tm) inside the computational domain

in Eq. 6 is obtained from the following equation:

Tm ¼
rAcs

uTdA

rAcs
udA

ð12Þ

Friction factor:

f ¼ 2dhDP
qu2L

ð13Þ

Usually, a parameter as thermal performance (g) is used
to evaluate the performance of the heat exchanger, which

shows the effect of improving the heat transfer under

known pumping power. This parameter is defined by

[31–38]:

g ¼ Nu

Nu0

� �
f0

f

� �1
3

ð14Þ

Geometrical dimensionless parameters definition

Four different geometrical dimensionless parameters are

defined here, including a1, a2, a3 and a4, which are related

to large diameter of the conical wall (D2), small diameter

of the conical wall (D1), the pitch of the convergent–di-

vergent wall (P) and gap between two consecutive con-

vergent–divergent sections (K), respectively. These

geometrical parameters are defined as follows:

a1 ¼ D1=L ð15Þ
a2 ¼ D2=L ð16Þ

Table 1 Nanoparticle

thermophysical properties
Nanoparticle dnp/nm knp/W m-1 K qnp/kg m-3 Cnp/J/kg K Ref.

Al2O3 35 36 3880 773 [29]

CuO 29 69 6350 535 [30]
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a3 ¼ P=L ð17Þ
a4 ¼ K=L ð18Þ

Discussion and conclusion

The studied model

The schematic of the studied model is shown in Fig. 1.

Accordingly, the incoming water at 303 K enters the

computational domain and collides with a convergent–di-

vergent wall with a constant flux of 500,000 W m-2.

In this paper, the effect of four geometric parameters,

including small and large diameters of convergent–diver-

gent wall, wall step and wall roughness, and the influence

of Reynolds numbers in the range of 10,000–200,000, has

been studied. The considered geometric and flow parame-

ters are listed in Table 2.

In the present study, a tube with convergent–divergent

outer wall (Fig. 1) is considered. The geometrical and

operational parameters are investigated numerically. A

comprehensive study is done to analyze the effect of geo-

metrical parameters, including small diameter of the con-

ical area (D1), large diameter of the conical area (D2), the

pitch of the convergent–divergent wall (P) and the gap

between two consecutive convergent–divergent sections

(K). The simulations are performed in the range of Re

between 100,000 and 200,000.

The numerical procedure and boundary
conditions

Numerical simulation was done by using commercial CFD

software ANSYS FLUENT 18.2. Governing equations with

relevant boundary conditions were discretized by a finite

volume method. The discretization of the momentum,

turbulent kinetic energy, turbulent dissipation rate and the

energy equations were performed by the second-order

upwind scheme. Also, the coupling between the pressure

and velocity is provided by the SIMPLE algorithm. To

evaluate the variation of conductivity and viscosity with

temperature, user-defined functions (UDFs) were con-

nected to the fluid properties panel and the changes in

conductivity and viscosity for all mesh elements after every

iteration was implemented.

In the studied heat exchanger, the cold fluid enters into

the internal tube at 80 �C with four Reynolds numbers of

10,000, 12,500, 15,000, 17,500 and 20,000. The flow is

completely turbulent. The constant heat flux is considered

at the wall of the tube. The VELOCITY INLET and

PRESSURE OUTLET types are set as boundary conditions

for inlet and outlet sections, respectively.

Validation and grid independency studies

Utilizing convergent–divergent wall to enhance the heat

transfer was presented and studied firstly by

Afsharpanah et al. [12]. However, they did not investigate

the effect of geometrical parameters of this type of wall.

The obtained results from the reference study [12] are

considered to validate with the present numerical model.

Nusselt number and friction coefficient versus different

Reynolds numbers of inlet flow obtained from the present

study are compared and indicated with the results of the

reference study [12] in Fig. 2a, b, respectively. Accord-

ingly, it can be seen that the present numerical simulations

have considerable accuracy and the present numerical

results have good agreement with the results from the

reference study [12].

To study the effect of the size of the grid on the obtained

results from numerical simulations, four different grids are

considered here with 928,404, 1,318,114, 1,818,973 and

2,326,377 cells. Two parameters, including outlet temper-

ature of channel and pressure drop versus four different

Reynolds numbers for various grids, are illustrated in

Fig. 3a, b, respectively.

Heat Flux

L

Heat Flux

P
K

Outlet

Inlet

D2 D1

Fig. 1 The schematic of the

considered model with

geometrical parameters
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According to Fig. 3a, b, there is no significant difference

in the results obtained for two grids of 1,818,973 and

2,326,377 cells. So, to decrease the computational cost and

time, grid with 1,818,973 cells is selected for performing

numerical simulations. The schematic of the generated grid

in the tube and outer wall of the tube is illustrated in Fig. 4.

The effect of dimensionless geometrical
parameter of a1 (large diameter of the conical
area (D2))

In this part, the effect of the large diameter of the conical

area (D2) on heat transfer and fluid flow is analyzed

numerically. The small diameter of the conical area (D1),

the pitch of the convergent–divergent wall (P) and the gap

between two consecutive convergent–divergent sections

(k) are kept constant as 18 mm, 10 mm and 1.25 mm,

respectively. The other constant operational and geomet-

rical parameters of the considered geometry are listed in

Table 1.

Four different values are considered for large diameter

of the conical area (D2), including 19, 21, 23 and 25 mm.

The outlet temperature of water and the pressure drop in

the tube are illustrated in Fig. 5a, b, respectively.

Figure 5a indicates that the temperature of output water

decreases as Reynolds number increases and this reduction

is visible to all models. Also, Fig. 5a shows that as the

diameter of the cone wall increases, the temperature of the

outlet water from the converter increases.

About the pressure drop, Fig. 5b indicates that the

pressure drop increases as Reynolds number rises, and this

increase is shown for all models. On the other hand, the

trend of Fig. 5a, b is the same for all models. Because, it is

also worth noting that growing the large diameter of the

cone increases the pressure drop.

The contours of temperature are drawn on a plate in the

middle of the channel for a large diameter of the cone of

different models in Fig. 6. Accordingly, by increasing the

large diameter of the cone, the temperature of water

reaches a better output and is a better temperature

Table 2 Geometric and flow

parameters of the investigated

model

Parameter Value

Geometrical parameters

Length of the computational domain/mm L 255.75

Small diameter of the conical area/mm D1 16–18–20–22

Large diameter of the conical area/mm D2 19–21–23–25

Pitch of the convergent–divergent wall/mm P 8–12–12–14

Gap between two consecutive convergent–divergent sections/mm K 1.75–1.5–1.25–1

Flow parameters

Inlet temperature of water/K Tinlet 303

Inlet Reynolds number/Re Re 10,000–20,000

Heat flux of the convergent–divergent wall/W m-2 €Q 500,000

0.022

Present study
Afsharpanah et al. [12]

Present study

550

500

450

N
u

400

350

300

Afsharpanah et al. [12]
0.02

F
ric

tio
n 

fa
ct

or
/f

0.018

0.016

0.014

10,000 12,500 15,000 17,500

Re Re

20,000
10,000 12,500 15,000 17,500 20,000

(a) (b)
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uniformity observed on the plate. Also, based on the con-

tours plotted in Fig. 6, it can be concluded that the best

temperature of outlet water and best temperature unifor-

mity are achieved in the large diameter of 25 mm. The

contours of temperature in the outlet of channel are shown

in Fig. 7 for various large diameters of the cone. Accord-

ingly, for a large diameter of the cone, as the same as

obtained results in Fig. 6, a higher temperature uniformity

at the outlet of channel can be seen, with a large diameter

of 25 mm.

The average Nusselt number versus different Reynolds

numbers of inlet flow is illustrated in Fig. 8a. Accordingly,

it can be seen that because of the force convection, as the

Reynolds number rises, the average Nusselt number (Nu)

increases for all models. Also, as a constant Re, by

increasing the large diameter of the conical area (D2), the

Nusselt number rises which the trend is the same for all

investigated Re.

To analysis the both of heat transfer and pressure drop in

the computational domain, a parameter as thermal perfor-

mance is defined as Eq. 14 which the f0 and Nu0 are

referred to the case with a1 = 0.07 (D2 = 19 mm). The

thermal performance of the computational domain versus

with different Re is illustrated in Fig. 8b for various

models. Accordingly, the thermal performance of the

a1 = 0.07 is equal to unity (base model). It can be seen that

as the a1 dimensionless geometrical parameter or large

diameter of the conical area (D2) increases (more than the

base model: a1 = 0.07 (D2 = 19 mm)), the thermal per-

formance declines (lower than unity) which means that

high large diameter of the conical area (D2) leads to the low

thermal performance although the more heat transfer rate

belongs to higher a1 (D2) according to Fig. 8a.

As a result, in this section, by increasing the a1
dimensionless geometrical parameter or large diameter of

the cone (D2), better temperature uniformity, or a better

heat transfer between the wall and the fluid occurs.

Therefore, it can be concluded that the large diameter

increase will have a significant effect on the temperature of

the water output from the converter. However, according to

Fig. 5b, the more pressure drop belongs to the case with

higher a1 (or D2). So, it affects the thermal performance

parameter (g) and highest thermal performance is obtained

at lowest a1 (or D2) based on Fig. 8b.

Because of the very low slope of the profiles in Fig. 8b,

the values of thermal performance for different models and

Reynolds numbers are listed in Table 3. According to

Fig. 8b and Table 3, the highest thermal performance

belongs to the case with a1 = 0.07 (D2 = 19 mm) in all

considered Reynolds number and the lowest one belongs to

the case with a1 = 0.01 (D2 = 25 mm) at Re = 10,000

which is not clear in Fig. 8b.

It should be noted according to Sect. 3.4, the case with

a1 = 0.07 schematically is very close to simple tube. So, as

the a1 dimensionless geometrical parameter increases, the

convergent–divergent tube shows its effect significantly

and according to Fig. 8a, average Nusselt number rises

which shows higher heat transfer rate. At low Reynolds

number (Re = 10,000), the average Nusselt number of the

case with a1 = 0.1 is 30.55% more than the case with

a1 = 0.07 (like simple tube). At high Reynolds number

(Re = 20,000), the average Nusselt number of the case with

α1  = 0.1

α1  = 0.09

α1  = 0.08

α1  = 0.07

Temperature [K]: 303 306 309 312 315 318 321 324 327 330 333 336 339 342 345 348 351 354 357 360

Fig. 6 The contours of temperature in the middle of the channel for Re = 15,000, D1 = 18 mm, P = 10 mm and K = 1.25 mm
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a1 = 0.1 is 42.55% more than the case with a1 = 0.07 (like

simple tube).

As the Reynolds number increases, the heat transfer

enhancement rises more. Also, Fig. 8b shows that as the a1
dimensionless geometrical parameter increases, the thermal

performance declines because of the high pressure drop at

higher a1.
In Fig. 9, 3D streamline with contour of velocity mag-

nitude for two different a1 dimensionless geometrical

parameters, including a1 = 0.07 and 0.1 at Re = 20,000, is

shown. Accordingly, it can be seen that at a1 = 0.07, the

effect of the geometry of the tube is lower than the case

with a1 = 0.1. On the other hand, at a1 = 0.07, there are no

secondary flows in the connection of convergent and

divergent parts of the tube. However, at a1 = 0.1, there are

vortexes and secondary flows clearly in the connection of

convergent and divergent parts of the tube which affect the

heat transfer rate significantly.

The effect of dimensionless geometrical
parameter of a2 (small diameter of the conical
area (D1))

In this section, the influence of dimensionless geometrical

parameter of a2 (or the small diameter of the cone (D1)) on

the temperature of the outlet water and the drop in the

pressure of the outlet water are analyzed numerically. In

this study, the large diameter of the cone (D2) is kept

constant as 25 mm (a1 = 0.1).

The temperature of output water and pressure drop

versus Reynolds numbers for different models (different

values of the small diameter of the cone) are shown in

α1 = 0.07 α1 = 0.08 α1 = 0.09 α1 = 0.1

Temperature [K]: 303 306 309 312 315 318 321 324 327 330 333 336 339 342 345 348 351 354 357 360

Fig. 7 Contours of temperature at the outlet of tube for Re = 15,000, D1 = 18 mm, P = 10 mm and K = 1.25 mm
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Fig. 8 a Average Nusselt number (Nu) and b thermal performance (g) versus Reynolds number different a1 dimensionless parameters (different

large diameters of the cone) at D1 = 18 mm, P = 10 mm and K = 1.25 mm

Table 3 Thermal performance (g) for different a1 and Re

Re a1 = 0.07 a1 = 0.08 a1 = 0.09 a1 = 0.1

10,000 1 0.874 0.735 0.616

12,500 1 0.87 0.738 0.626

15,000 1 0.865 0.739 0.632

17,500 1 0.86 0.738 0.637

20,000 1 0.855 0.736 0.639
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Fig. 10a, b, respectively. In this section, the large diameter

of the cone is kept constant as 25 mm (a1 = 0.1), while the

small diameter of the cone varies between 16 and 22 mm

(a2 = 0.06–0.09).

Based on Fig. 10a, as the Reynolds number gets larger,

the temperature of output water is reduced by the Reynolds

number too. This reduction is seen in all models. Also, it

can be seen that the temperature of the outlet water

increases with the decrease in small diameter of the vapor

wall cone. Accordingly, the highest temperature of outlet

water belongs to the small diameter of 16 mm. In all the

models presented in Fig. 10b, the pressure drop increases

with the increase in the Reynolds number. It is also worth

noting that reducing the small diameter of the cone

increases the drop in pressure. In Fig. 11, the contours of

temperature are depicted on a plate in the middle of the

channel for different small diameters of the cone.

Figure 11 shows that reducing the small diameter of the

cone causes the temperature of output water to increase, so

that the uniformity is significant. Accordingly, small

diameter of 16 mm has the highest output temperature of

water and better temperature uniformity.

Figure 12 depicts the contours of temperature in the

output of channel for different diameters of the small

diameter of cone. As the same results in Fig. 11, the tem-

perature uniformity is also shown by decreasing the small

diameter of the cone with increasing temperature. This

temperature uniformity is quite clear when comparing D1

with a small diameter of 22 mm (a2 = 0.09) and a small

diameter of 16 mm (a2 = 0.06). Therefore, at the smaller

diameter of the cone, it increases the temperature and a

better uniformity occurs between the wall and the fluid.

The average Nusselt number (Nu) and thermal perfor-

mance (g) versus the Reynolds number of the inlet flow for

various small diameter of the cone are illustrated in

Fig. 13a, b, respectively. According to Fig. 13a, it can be

seen that as Reynolds number (Re) rises, the average

Nusselt number (Nu) increases because of the effect of

0.1 0.253518 0.407035 0.560553 0.714071 0.867588 1.02111 1.17462 1.32814 1.48166 1.63518 1.78869 1.94221 2.09573

0.1 0.253518 0.407035 0.560553 0.714071 0.867588 1.02111 1.17462 1.32814 1.48166 1.63518 1.78869 1.94221 2.09573

Z

(a)

(b)

Y

X

Z

Y

X

Fig. 9 Streamline with velocity magnitude (m/s) for two different a1 dimensionless geometrical parameters at Re = 20,000 a a1 = 0.07 and

b a1 = 0.1
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force convection. Also, at a constant Re (Re = cte), by

increasing the small diameter of the cone (D1), the average

Nusselt number (Nu) declines.

The thermal performance (g) versus different Reynolds
numbers (Re) for various small diameter of the cone (D1) is

illustrated in Fig. 13b. The case with D1 = 22 mm is the

base case which the thermal performance of this case is

equal to unity (g = 1) and the other models are compared

with this case. Accordingly, the results show that lowest

small diameter of the cone leads to higher thermal per-

formance (high heat transfer rate with low pressure drop).

Because of the very low slope of the profiles in Fig. 13b,

the values of thermal performance for different models and

Reynolds numbers are listed in Table 4. According to

Fig. 13b and Table 4, the highest thermal performance

belongs to the case with a2 = 0.09 (D1 = 22 mm) in all

considered Reynolds number and the lowest one belongs to

the case with a2 = 0.06 (D1 = 16 mm) at Re = 10,000

which is not clear in Fig. 13b.

In Fig. 14, 3D local Nusselt number on the surface of

the wall of tube for two different a2 dimensionless geo-

metrical parameters, including a2 = 0.06 and 0.09 at Re =

20,000, is shown. Accordingly, it can be seen that at

a2 = 0.06, the effect of the geometry of the tube is higher

than the case with a2 = 0.09. Based on Fig. 12, maximum

local Nusselt number of the case with a2 = 0.06 is 65.25%

more than maximum local Nusselt number of the case with

a2 = 0.09.

The effect of dimensionless geometrical
parameter of a3 (pitch of the convergent–
divergent wall (P))

In this section, the effect of dimensionless geometrical

parameter of a3 (or the pitch of the convergent–divergent

wall (P)) on the temperature of the outlet water and the

drop in the pressure of the outlet water is analyzed

numerically. In the studies, the amount of a3 of the wavy

wall is differently considered as a3 = 0.03, 0.04, 0.05 and

0.06 (or P = 8, 10, 12 and 14 mm).

The output temperature of water and pressure drop

versus different Reynolds numbers for various models are

shown in Fig. 15a, b, respectively. Figure 15a indicates

that the output water temperature decreases with Reynolds

number in terms of Reynolds number, and this reduction is

observed in all models. Also, as the size of the convergent–

divergent wall decreases, the temperature of the outlet

water rises. However, it is observed that the maximum

output temperature of water belongs to the pitch of 8 mm.

According to Fig. 15b, by increasing Reynolds number,

the pressure drop rises, and this trend is same for all

models. Also, declining the size of the wall leads to an

increase in the pressure drop. The contours of temperature

are drawn on a plate in the middle of the channel to

measure the different steps of different wavy walls in

Fig. 16. It can be seen that by decreasing the step size, the

temperature of the outlet water increases. Accordingly, the
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best output water temperature and the best heat transfer

belong to the case with P = 8 mm (a3 = 0.03).

The temperature contour at the output is depicted in

Fig. 17 for various steps of the wavy wall. By reducing the

size of the wavy wall step, as shown in Fig. 16, the output

water temperature is a bit out of uniformity. By increasing

the size of the wavy wall step, there is a better temperature

uniformity between the wall and the fluid, but this tem-

perature uniformity decreases the water output tempera-

ture. So, decreasing step size results in a higher output

temperature.

The average Nusselt number (Nu) and thermal perfor-

mance versus Reynolds number (Re) for various pitches of

the convergent–divergent wall (P) are depicted in Fig. 18a,

b, respectively. Figure 18a shows that at low Reynolds

number (Re = 10,000), the difference between the calcu-

lated average Nusselt number (Nu) and the investigated

models are very low. At high Reynolds number, as the

pitch of the convergent–divergent wall (P) rises, the

average Nusselt number (Nu) decreases. According to

Fig. 18b, the highest thermal performance is achieved for

the case with P = 8 mm (a3 = 0.03).

In Fig. 18b, it should be noted that the case with

P = 14 mm (a3 = 0.06) is the base case which the thermal

performance is equal to unity (g = 1). Both parameters rise

as the Reynolds number increases.

The effect of dimensionless geometrical
parameter of a4 (gap between two consecutive
convergent–divergent sections (K))

In this section, the influence of the gap between two con-

secutive convergent–divergent sections (K) on the tem-

perature of the outlet water and the drop in the pressure of

the outlet water is studied numerically. Four different K,

including 1, 1.25, 1.5 and 1.75 mm, are considered in this

section. A dimensionless parameter related to this param-

eter is defined by Eq. 18 as a4. Accordingly, four different

α2 = 0.06

α2 = 0.07

α2 = 0.08

α2 = 0.09

Temperature [K]: 303 306 309 312 315 318 321 324 327 330 333 336 339 342 345 348 351 354 357 360

Fig. 11 The contours of temperature in the middle of the channel for different a2 dimensionless parameters (different small diameters of the

cone) at Re = 15,000, D2 = 25 mm, P = 10 mm and K = 1.25 mm

α2 = 0.06 α2 = 0.07 α2 = 0.08 α2 = 0.09

Temperature [K]: 303 306 309 312 315 318 321 324 327 330 333 336 339 342 345 348 351 354 357 360

Fig. 12 Contours of temperature at the outlet of tube for different a2 dimensionless parameters (different small diameters of the cone) at

Re = 15,000, D2 = 25 mm, P = 10 mm and K = 1.25 mm
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a4 including 0.003, 0.004, 0.005 and 0.006 are utilized

here.

The pressure drop and outlet temperature of the fluid

versus the Reynolds number of the inlet flow for various

gap between two consecutive convergent–divergent sec-

tions (K) are depicted in Fig. 19a, b, respectively.

Figure 19a shows that the differences in pressure drop

between the investigated models here are so low and as

Reynolds number rises, pressure drop increases. In

Fig. 19b, it can be seen that as the Reynolds number

increases, the output water temperature also decreases

because of the effect of force convection. The trend is the

same for all models. Also, the maximum temperature of

outlet belongs to the K = 1.25 mm. It is clear that the

difference between 1.25 mm and 1 mm is very small.

In Fig. 20, the contours of temperature are depicted on a

plate in the middle of the channel for the different gaps

between two consecutive convergent–divergent sections

(K). Accordingly, it can be seen that the differences between

the models in the contours here are not significant. However,

K = 1.25 mm has the highest outlet temperature with low

difference.

In Fig. 21, the contour of temperature is depicted in the

outlet for different gaps between two consecutive

convergent–divergent sections (K). The trend shown in

Fig. 21 is the same with Fig. 20 and high outlet tempera-

ture belongs to the K = 1.25 mm.

The average Nusselt number (Nu) and the thermal per-

formance (g) versus Reynolds number for different gaps

between two consecutive convergent–divergent sections

(K) are illustrated in Fig. 22a, b, respectively.

According to Fig. 22a, it can be seen that the average

Nusselt number increases as the Reynolds number rises.

Also, the maximum and minimum average Nusselt number

(Nu) belong to the K = 1.75 mm and K = 1 mm, respec-

tively. In Fig. 22b, the base case (g = 1) is the case with

k = 1.75. According to Fig. 22b, as the gap between two

consecutive convergent–divergent sections (K) decreases,

the thermal performance declines. The maximum and

minimum thermal performance belong to the K = 1.75 and

K = 1, respectively.

The effect of using nanofluid

In this section, the effect of utilizing different types of

water-based nanofluids, including Al2O3 and CuO on heat

transfer enhancement in a convergent–divergent tube is

investigated numerically. The simulations were performed

for two values of u (3 and 5%). Here, the geometrical

parameters of considered tube, including D1, D2, P and K,

were kept constant as 25, 16, 25 and 8 mm, respectively.

The pressure drop and outlet temperature of various water-

based nanofluid in comparison with pure water versus

Reynolds number for u = 3 and 5% are illustrated in

Fig. 23a, b, respectively.

Figure 23a, b shows that the outlet temperature

decreases as Reynolds number increases and the trend is
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Fig. 13 a Average Nusselt number (Nu) and b thermal performance (g) versus Reynolds number for different a2 dimensionless parameters

(different small diameters of the cone) at D2 = 25 mm, P = 10 mm and K = 1.25 mm

Table 4 Thermal performance (g) for different a2 and Re

Re a2 = 0.06 a2 = 0.07 a2 = 0.08 a2 = 0.09

10,000 0.52 0.66 0.815 1

12,500 0.526 0.662 0.816 1

15,000 0.53 0.665 0.8172 1

17,500 0.531 0.666 0.8173 1

20,000 0.535 0.667 0.8174 1
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the same for all models. Also, the results indicate that the

water-based nanofluids have higher outlet temperature in

comparison with pure water. However, differences between

the water/Al2O3 and water/CuO nanofluid are very low. As

a result, it can be seen that water/Al2O3 nanofluid has

higher outlet temperature (very low difference with water/

CuO nanofluid).

Also, according to Fig. 23a, b, it can be seen that uti-

lizing nanofluid leads to more pressure drop in comparison

with pure water in both considered volume concentrations

of water-based nanofluid (3 and 5%). Between the two

types of studied water-based nanofluid, water/CuO nano-

fluid has higher pressure drop than water/Al2O3 and the

difference between them is higher in 5% in comparison

with 3% volume concentration.

The average Nusselt number (Nu) and thermal perfor-

mance (g) versus different Reynolds numbers (Re) for two

types of water-based nanofluid are illustrated in Fig. 24.

Two different volume concentrations of water-based

nanofluid, including 3 and 5%, are considered here, and the
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Fig. 14 3D contours of local Nusselt number for two different a2 dimensionless geometrical parameters at Re = 20,000 a a2 = 0.06 and

b a2 = 0.09
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obtained results for each of them are shown in Fig. 24a, b,

respectively.

According to Fig. 20a, b, it can be realized that the

average Nusselt number of water-based nanofluid is more

than pure water in both volume concentrations (3 and 5%).

Also, among the investigated water-based nanofluid, CuO

has higher average Nusselt number in comparison with

Al2O3 and the difference between them becomes higher in

5%. By increasing the Reynolds number, the average

Nusselt number rises and the trend is the same for both of

studied volume concentration of the water-based

nanofluids.

By considering the thermal performance figures, it

should be noted firstly that the base case (g = 1) belongs to

the pure water. The thermal performances of the both

studied water-based nanofluids are more than unity which

means better than pure water. Also, Fig. 20b shows that as

the volume concentration increases, the thermal perfor-

mance rises in both nanofluids. As a result, CuO/water

nanofluid has better thermal performance than water/Al2O3

and especially pure water.

The effect of volume concentration of water-
based nanofluid

In this section, the effect of volume concentration of two

water-based nanofluids (Al2O3 and CuO) on the heat

transfer rate and thermal performance is evaluated

numerically. The geometrical parameters of the conver-

gent–divergent tube including D1, D2, P and K are kept

constant as 16, 25, 8 and 1.25 mm, respectively. Four

different volume concentrations of water-based nanofluid,

including 2, 3, 4 and 5%, are considered here. The simu-

lations are performed for five different Reynolds numbers

(Re = 10,000–20,000).

The pressure drop (DP) and the average temperature of

the outlet for two types of water-based nanofluids,

including water/Al2O3 and water/CuO, are shown in

Fig. 25a, b, respectively. Accordingly, it can be seen that

α3 = 0.03

α3 = 0.04

α3 = 0.05

α3 = 0.06

Temperature [K]: 303 306 309 312 315 318 321 324 327 330 333 336 339 342 345 348 351 354 357 360

Fig. 16 The contours of temperature in the middle of the channel for different a3 dimensionless parameters at Re = 15,000, D1 = 16 mm,

D2 = 23 mm and K = 1.25 mm

Temperature [K]: 303 306 309 312 315 318 321 324 327 330 333 336 339 342 345 348 351 354 357 360

α3 = 0.03 α3 = 0.04 α3 = 0.05 α3 = 0.06

Fig. 17 Contours of temperature at the outlet of tube for different a3 dimensionless parameters at Re = 15,000, D1 = 16 mm, D2 = 23 mm and

K = 1.25 mm
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high pressure drop belongs to higher volume concentration

of nanofluid and it is clear more for water/CuO tan water/

Al2O3. For outlet temperature, there is no significant dif-

ference between the various considered volume concen-

trations. However, u = 5% and u = 2% have maximum

and minimum outlet temperatures, respectively, with very

low difference. (The present results are the same for both

types of nanofluids.)

The heat transfer coefficient (h) and thermal perfor-

mance (g) versus different Reynolds numbers (Re) for

various volume concentrations of water-based nanofluid

and two different types of water-based nanofluids (Al2O3

and CuO) are illustrated in Fig. 26a, b, respectively.

Accordingly, it can be seen that the higher volume con-

centration of water-based nanofluid leads to higher heat

transfer coefficient. The base model for thermal perfor-

mance figure is pure water (g = 1).

According to Fig. 26a, b, as the Reynolds number

increases, the heat transfer coefficient rises which the trend

is the same for both nanofluids however, the values of heat

transfer coefficient of water/CuO nanofluid is a little more

than water/Al2O3. Also, the volume concentration of

nanofluid rises leading to growth in heat transfer coeffi-

cient. It should be noted that the differences between the

cases with different volume concentrations for water/Al2O3

are lower than water/CuO.
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Fig. 18 a Average Nusselt number (Nu) and b thermal performance (g) versus Reynolds number for different a3 dimensionless parameters

(different pitches of the convergent–divergent wall) at D1 = 16 mm, D2 = 23 mm and K = 1.25 mm

6000

5000

4000

ΔP
/P

a

3000

2000

1000
10,000 12,500 15,000 17,500 20,000

Re

(a)

10,000

324

322

320

318

T
/K

316

314

312

310
12,500 15,000 17,500 20,000

Re
(b)

α4 = 0.003
α4 = 0.004
α4 = 0.005
α4 = 0.006

α4 = 0.003
α4 = 0.004
α4 = 0.005
α4 = 0.006

Fig. 19 a Output temperature of water and b pressure drop versus

different Reynolds numbers and various gap between two consecutive

convergent–divergent sections for different a3 dimensionless

parameters (different pitches of the convergent–divergent wall) at

D1 = 16 mm, D2 = 23 mm and P = 8 mm
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As the Reynolds number rises, the thermal performance

declines which the trend is the same for both nanofluid.

Also, the values of thermal performance of water/Al2O3 are

more than water/CuO. Also, by rising the volume con-

centration (from 2 to 5%) for water/Al2O3, the highest and

lowest thermal performances belong to u = 5% and 2%,

respectively. It is clearly shown that utilizing nanofluid

with any volume concentration (2–5%) has better thermal

performance significantly in comparison with pure water

for both nanofluid.

However, the trend of the profile of thermal perfor-

mance for water/CuO nanofluid is different with the water/

Al2O3 nanofluid. For water/CuO nanofluid, the highest and

lowest thermal performances belong to u = 3 and 5%,

respectively. Also, it is shown that the effect of the volume

concentration of water-based nanofluid at low Reynolds

number is more than higher one.

As a result, it can be said that for water/Al2O3 nanofluid

at low Reynolds number (Re = 10,000), the case with

u = 4% has 9.29% more thermal performance than pure

water which has the highest thermal performance. Also, at

high Reynolds number (Re = 20,000), the case with

u = 5% has 7.15% more thermal performance than pure

water. The lowest thermal performance improvement in

comparison with pure water belongs to the case with

u = 2% at high Reynolds number (Re = 20,000) with

about 6%.

Also, for water/CuO nanofluid, the case with u = 3% at

low Reynolds number (Re = 10,000) and the case with

u = 5% at high Reynolds number (Re = 20,000) have

highest and lowest thermal performance improvement in

comparison with pure water with 8.86% and 6.25%,

respectively.

Conclusions

In the present study, the heat transfer and fluid flow of

water-based nanofluid in the convergent–divergent tube

were evaluated numerically. The simulations were

α3 = 0.003

α3 = 0.004

α3 = 0.005

α3 = 0.006

Temperature [K]: 303 306 309 312 315 318 321 324 327 330 333 336 339 342 345 348 351 354 357 360

Fig. 20 The contours of temperature in the middle of the channel for different a3 dimensionless parameters (different pitches of the convergent–

divergent wall) at Re = 15,000, D1 = 16 mm, D2 = 23 mm and P = 8 mm

α3 = 0.003 α3 = 0.004 α3 = 0.005 α3 = 0.006

Temperature [K]: 303 306 309 312 315 318 321 324 327 330 333 336 339 342 345 348 351 354 357 360

Fig. 21 Contours of temperature at the outlet of tube for different a3 dimensionless parameters (different pitches of the convergent–divergent

wall) at Re = 15,000, D1 = 16 mm, D2 = 23 mm and P = 8 mm
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performed by a commercial CFD coed, ANSYS FLUENT

18.2. The present paper includes two sections, which at the

first section, the effects of geometrical and operational

parameters on the thermal performance of the convergent–

divergent tube were studied. The geometrical parameters

include the large diameter of the cone’s wall, the small

diameter of the cone’s wall, pitch of the cone and the

height of the roughness. The utilized fluid in this section

was pure water. At the second section, two different types

of water-based nanofluids, including water/Al2O3 and

water/CuO, are considered and the obtained results were

compared with the pure water. Also, the effect of volume

concentration of nanofluid was analyzed numerically.

Obtained results are as follows:

• The growth of large diameter of the cone leads to better

temperature uniformity, or better heat transfer between

the wall and the fluid occurs. Therefore, it can be

concluded that the large diameter increase will have a

significant effect on the temperature of the water output

from the converter.

• As small diameter of the cone increases, the average

Nusselt number (Nu) declines. Also, lowest small

diameter of the cone leads to higher thermal perfor-

mance (high heat transfer rate with low pressure drop).

• As the pitch of the convergent–divergent wall rises, the

average Nusselt number decreases. Highest thermal

performance is achieved for the lowest value of the

pitch.

• The thermal performances of the both studied water-

based nanofluids are more than unity which means

better than pure water. Water/Al2O3 nanofluid has
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better thermal performance than CuO/water and espe-

cially pure water.

• As a result, it can be said that for water/Al2O3 nanofluid

at low Reynolds number (Re = 10,000), the case with

u = 4% has 9.29% more thermal performance than

pure water which has the highest thermal performance.

Also, at high Reynolds number (Re = 20,000), the case

with u = 5% has 7.15% more thermal performance

than pure water. The lowest thermal performance

improvement in comparison with pure water belongs

to the case with u = 2% at high Reynolds number

(Re = 20,000) with about 6%. Also, for water/CuO

nanofluid, the case with u = 3% at low Reynolds

number (Re = 10,000) and the case with u = 5% at

high Reynolds number (Re = 20,000) have highest and

lowest thermal performance improvement in compar-

ison with pure water with 8.86% and 6.25%,

respectively.
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