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Abstract

Three-dimensional (3D) printing, known as additive manufacturing, provides

new opportunities for the design and fabrication of highly efficient indus-

trial components. Given the widespread use of this technique by industries,

3D printing is no longer limited to building prototypes. Instead, small-to-

medium scale production units focus on reducing the cost associated with

each part. Among the various industrial components that can be developed

with this manufacturing technology are heat transfer components such as

heat exchangers. To this end, this study investigated the heat transfer char-

acteristics of minichannel-based heat exchangers embedded with longitudi-

nal vortex generators, both experimentally and numerically. Three enhanced

prototypes with different vortex generator design parameters and a smooth

channel as a reference case were printed with an aluminum alloy (AlSi10Mg)
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using direct metal laser sintering (DMLS). The rectangular minichannel had

a hydraulic diameter of 2.86 mm. Distilled water was used as the test fluid,

and the Reynolds number varied from 170 to 1,380 (i.e., laminar flow). Pro-

totypes were tested under two different constant heat fluxes of 15 kWm−2

and 30 kWm−2. The experimental results were verified with a commercial

simulation tool, Comsol Multiphysics R©, using the 3D conjugate heat transfer

model. In the case of the smooth channel, the experimental results were also

compared with well-known correlations in the field. The results showed that

95% and 79% of the experimental data were within 10% of the numerical

simulation results and the values from the existing correlations, respectively.

For the channel enhanced with the vortex generators, the numerical predic-

tions agreed well with the experimental results. It was determined that the

vortex generators can enhance the convective heat transfer up to three times

with the designed parameter. The findings from this research underline the

potential of additive manufacturing in the development of more sophisticated

minichannel heat exchangers.

Keywords: minichannel, microchannel, additive manufacturing, 3D

printing, vortex generator, numerical simulation
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Nomenclature

Acronyms

DMLS Direct metal laser sintering

EBM Electron beam melting

FEM Finite element method

HX Heat exchanger

PEC Performance evaluation criteria

RMS Root-mean-square

VG Vortex generator

Roman Symbols

Aplanform Minichannel top surface area [m2]

Awetted Convective heat transfer area (per channel) [m2]

a Channel width [m]

b Channel height [m]

cp Specific heat [Jkg−1K−1]

Dh Hydraulic diameter [m]

dwall Distance between side wall and closest vortex generator tip [m]

E Electrical power [W]

H Height of vortex generator [m]

h̄ Average convective heat transfer coefficient [Wm−2K−1]
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I Current [A]

k Thermal conductivity [Wm−1K−1]

L Channel length [m]

l Length of vortex generator winglet [m]

l
′

Distance from channel inlet to the first longitudinal vortex gener-

ator winglet downstream tip [m]

ṁ Mass flow rate [kg s−1]

P Pressure [Pa]

Q̇sensible Sensible heat gain [W]

Q̇loss Heat loss from the system [W]

q
′′

Heat flux based on planform area [Wm−2]

Ra Arithmetic mean roughness [µm]

Rq Root-mean-square roughness [µm]

S Longitudinal pitch [m]

s Distance between measured surface temperature and inner chan-

nel wall [m]

T Temperature [K]

T fluid Mean fluid temperature [K]

Twall Mean wall temperature [K]

t Channel wall thickness [m]

u Velocity [ms−1]
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V Voltage [kgm2 A−1 s−3]

V G Vortex generator

w Thickness of the vortex generator [m]

x, y, z Cartesian coordinates

Dimensionless numbers

f Friction factor

GzD Graetznumber

N Number of rectangular minichannels per flat tube

Nu Nusseltnumber

Pr Prandtlnumber

Re Reynoldsnumber

U Uncertainty

x+ Hydrodynamic axial distance

x∗ Thermal axial distance

Greek Symbols

α Channelaspectratio [−]

β Angle of attack [◦]

µ Dynamicviscosity [kgm−1 s−1]

ρ Density [kgm−3]

Subscripts

app Apparent
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blk Bulk

in Inlet

m Mean

out Outlet

s Smooth

1. Introduction

The increase in the global population and improvements in living condi-

tions due to technological progress and economic growth have escalated the

global energy demand. According to a report released by British Petroleum

in 2019 [1], energy systems worldwide will encounter dual challenges as the

energy demand is predicted to grow by one-third between 2019 and 2040;

further, carbon emissions will have to decrease to contain global warming.

Therefore, to ensure a sustainable environment for future generations, soci-

eties must devote considerable effort not only to replace inexpensive oil and

gas with renewable technologies, but also to increase the energy efficiency

of processes that use conventional resources [2, 3]. The latter option seems

more plausible in the short term for a smooth transition toward the final

goal, namely a complete conversion to renewable technologies [4].

Among energy systems/subsystems, heat exchangers (HXs) can play a

crucial role in saving energy mainly because of their widespread use in dif-

ferent industries. The use of high-performance HXs can be considered as

one option to increase the efficiency of energy-intensive industrial processes

[5]. Mini/microchannels are one of the common types of HXs. These HXs
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have a higher thermal performance than conventional tubes due to a larger

surface-to-volume ratio that can lead to compact HXs if they are designed

properly.

Mini/microchannel components have been studied by researchers since

the early 1980. According to the fixed metrics introduced by Kandlikar

[6], channels/tubes have been classified in terms of their hydraulic diameter

Dh and their associated applications. Kandlikar divided tubes into three

different groups. Channels/tubes with a Dh exceeding 3 mm are termed

conventional channels, while those with a Dh ranging from 0.2 to 3 mm

and 0.01 to 0.2 mm are called minichannels and microchannels, respectively.

This field of research was pioneered by Tuckerman and Pease [7]. They

proposed the idea of using forced convection of liquid water through small

rectangular passages to remove excessive heat produced by electronic devices.

Tuckerman and Pease showed that their designed microchannel heat sink was

able to dissipate 790 W from a 1 cm2 silicon wafer by expending 213 kPa

drop in pressure. The work by Tuckerman and Pease served as the starting

point for other researchers in the field. Other researchers have explored

the same configuration in more detail and made an effort to enhance the

design analytically, numerically, or experimentally [8–12]. Even though early

studies have focused on the cooling of electronics, the applicability of the

idea was extended to other areas, including low-charge refrigeration units

and microfluidic devices [13–15].

To lower the thermal resistance and to accommodate higher heat fluxes,

various techniques have been suggested in order to augment the heat transfer

in single- or two-phase flow. Bergles [16] categorized the heat transfer en-
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hancement methods into the passive, active, and compound forms, which can

potentially improve the energy performance as well as reduce the size and

the manufacturing costs [17, 18]. While passive techniques do not require

external power to intensify the heat transfer, which are based on geometrical

modifications or fluid additives, active methods require an external power.

The HX’s structural vibrations, fluid vibrations, and electrostatic field are

examples of the active methods. Techniques that simultaneously use more

than one method are referred to as compound techniques. From a practical

perspective, passive techniques are favorable due to their ease of implemen-

tation and lower maintenance requirements.

Using laminar single-phase flow in mini/microchannels is of particular

value in many industrial applications because it can avoid corrosion in-

duced by turbulent flow and the associated high pressure drop. However,

the thermal exchange rate is inevitably lower within the laminar flow range.

Therefore, passive techniques can be practiced to enhance the heat transfer.

Among the different passive methods, embedding vortex generators (VGs)

are widely adopted for external and internal flows. VGs enhance the con-

vective heat transfer through boundary layer interruption, the generation of

vortices, and the destabilization of flow [19]. As flow passes through the VG,

three-dimensional (3D) vortices are generated due to the pressure difference

between the two sides of the VG. Depending on the angle of attack and the

Reynolds number, the vortices can be mainly produced in the streamwise

direction (longitudinal vortices) or in the spanwise and normal directions

(transverse vortices). Using VGs, turbulence promoters (sometimes known

as turbulators) will generate a swirl in the primary direction of the flow
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[20]. The generated stream-wise vortices take the heated near-wall fluid and

bring it up to the center of the vortices, thereby mixing it with the cold

free stream fluid and enhancing the heat transfer. In addition, the generated

longitudinal vortices avoid the growth of boundary layers by pushing them

down and causing a thinning effect [21]. It is well established that longitu-

dinal vortices enhance the global heat transfer due to their existence over

long downstream distances of the VG [22–24]. In contrast, transverse vor-

tices usually cause flow destabilization in the small wake region behind the

VG tail; thus, enhancing the convective heat transfer locally. It is favorable

to have stream-wise vortices as transverse vortices lead to pressure loss with

local heat transfer improvement. However, it is impossible to generate pure

longitudinal vortices. Transverse vortices are always generated simultane-

ously. Wing-type VGs have four typical configurations: rectangular wing,

rectangular winglet, delta wing, and delta winglet (see Fig. 1(c)).

While early heat transfer research on VGs was related to the external

flow [26], researchers have attempted to embed VGs inside channels to lower

the thermal resistance of the gas in fine-tube HXs or to remove high heat

fluxes. For example, Fiebig [20] compared the effect of different VG config-

urations on the heat transfer and pressure loss inside a rectangular channel

with a hydraulic diameter of 33 mm. Using air as the working fluid under

a transitional turbulent flow regime, he concluded that winglet-type VGs

provided better overall results (in terms of the ratio of the heat transfer

enhancement to increase in pressure loss) in comparison to the wing type.

Further, it was reported that the optimum angle of attack β was 65◦ for all

of the studied configurations. Moreover, his results showed that the effect
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of applying the VG was more pronounced for a lower Reynolds number. In

another study, Fiebig et al. [27] investigated the performance of wing-type

VGs on the heat transfer and the pressure drop inside a rectangular channel

under developing laminar conditions. A number of plate fins were stacked

together to form a channel, and the single VGs were embedded on each plate

fin. The Reynolds number varied between 1,000 and 2,000 and air was the

working fluid. Using the liquid crystal thermography method to measure the

local heat transfer, they reported a local heat transfer augmentation of 100%

and an average heat transfer enhancement of more than 50%. The results

indicated the existence of longitudinal vortices up to 50 times the area of the

VG downstream. Wu and Tao [28, 29] numerically investigated the effects

Figure 1: Different VG arrangements and formations: (a) inflow pair, (b) outflow pair, (c)
common vortex generator configurations. Adapted from [25].
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of the VG design parameters on the heat transfer and the flow friction in a

channel. Using the so-called field synergy principle, they indicated that the

VGs with an attack angle of 45◦ produced the highest effectiveness within

a laminar flow range. Moreover, they found that an excessive reduction of

the transverse pitch of the VG caused interactions between the main vortices

and decreased the heat transfer enhancement. Liu et al. [30] experimentally

studied the single-phase flow characteristics of an embedded rectangular VG

inside a microchannel with a hydraulic diameter of 187.5 µm. They exam-

ined the impact of the number of VGs and the angle of attack on the heat

transfer and the flow friction. Using water as the working fluid, a lower value

of the critical Reynolds number for the transition flow (Re = 700) was re-

ported when a VG was used. They reported 9% to 21% higher heat transfer

in comparison to the plain microchannel in the laminar flow range and 39%

to 90% enhancement for the turbulent flow. The same research group [31]

extended their previous work by analyzing the effect of the VG height and

the aspect ratio on the heat transfer and the flow friction characteristics.

Three sides of the microchannel were maintained at a constant temperature,

and Reynolds number ranged from 350 to 1,500. The results indicated a heat

transfer enhancement of 12% to 74% with a corresponding increase of 40% to

154% in the pressure drop for a microchannel with an aspect ratio of 0.0667

equipped with a rectangular wing. Datta et al. [32] numerically studied the

influence of the angle of attack and the number of VG pairs in laminar flow

using deionized water as the working fluid. The authors declared that the

best overall performance was obtained when the VGs were inclined at 30◦ to

the flow direction for a Reynolds numbers above 600. Recently, using finite
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volume-based numerical simulation, Ebrahimi et al. [33] analyzed the lami-

nar flow inside a microchannel equipped with two rows of VGs. Except for

one case and when the Reynolds number was equal to 100, a higher overall

HX efficiency was obtained for all the other investigated cases.

Another important aspect of the micro/minichannel components concerns

the fabrication. Microchannel heat sinks are typically manufactured through

one of two approaches. The first approach entails conventional fabrication

techniques—such as milling, sawing, electrical discharge machining, and wa-

ter jet cutting—implemented on a micro scale. The second approach entails

microfabrication methods emerged from the semiconductor industry, such as

etching and lost wax molding [34]. In both approaches, channels are produced

on silicon or metal substrates with high thermal conductivity. Therefore,

building single monotonic heat sinks is not feasible, and a lid is required to

complete the assembly and seal it. An extrusion process is typically used to

produce multiport minichannel-based HXs. However, all of the manufactur-

ing approaches listed above suffer from geometric constraints. Constructing

complex out-of-plane features is extremely difficult and time-consuming, and

in some instances impossible [35]. These manufacturing restrictions can be

eliminated through the use of additive manufacturing (AM), generally known

as 3D printing.

3D printing is a new manufacturing approach in which the objects are

built layer by layer. This method is environmentally advantageous over con-

ventional practices such as subtractive manufacturing since the left-over ma-

terials can be reused. From an economic point of view, the price of a man-

ufactured part will not usually increase with higher production complexity;
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however, the opposite applies to other technologies that require relatively

more labor. Given the considerable industrial interest in this technique, AM

is no longer limited to building prototypes; rather, small-to-medium scale

production units aim to reduce the cost per part. However, a number of lim-

iting factors hinders the extensive usage of AM in various industries. This

includes a higher cost in comparison to ordinary manufacturing methods,

the need for geometric accuracy and part repeatability, a limited number of

materials, a lack of comprehensive material standards, and a high surface

roughness [36, 37]. Among the commercially available metal additive tech-

nologies, two methods, electron beam melting (EBM) and direct metal laser

sintering (DMLS), appear to be promising in HX design. The results of the

production of a small prototype at the KTH Royal Institute of Technology

(see Appendix A) indicate that the DMLS is favorable in developing heat

transfer components mainly because of its lower surface roughness, improved

geometrical uniformity, and broad material choices. Various metal alloys such

as aluminum, titanium, Inconel, and stainless steel are used in 3D printing.

Among them, aluminum alloy (AlSi10Mg) is interesting because of its high

thermal conductivity and light weight.

The literature on AM of mini/microchannels is currently limited owing to

the fact that AM is a relatively new fabrication method. Kirsch and Thole

[38], for example, studied heat transfer and pressure loss in additively manu-

factured wavy microchannels. Three test coupons with different wavelengths

and a smooth channel as a benchmark were printed in Inconel 718 as parts of

the cooling passages of hot turbine components with DMLS technology. Us-

ing air as the working fluid, the authors concluded that the short wavelength
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channels led to a high pressure drop without considerable heat transfer aug-

mentation. For the same friction factor, longer wavelength channels resulted

in a considerable increase in the Nusselt number Nu compared with the ref-

erence case. Finally, it was concluded that the heat transfer enhancement

was higher for Reynolds numbers below 4,000. In another study [39], the

same authors investigated the possibility of embedding cylindrical pin fins

inside microchannels. Four different prototypes with various spanwise and

streamwise spaces were printed using the DMLS technique with Inconel 718.

They reported an extremely high surface roughness and distorted shapes as

the number of pins increased. Furthermore, the results of the pressure drop

and the heat transfer enhancement showed that fewer pin fin arrays may

lead to a better overall HX performance. This could be attributed to the

flow structure and the higher surface roughness as the number of pin fins

increased. A comparison of the two studies showed that the wavy channels

outperformed the pin fin arrays for lower Reynolds numbers. Arie et al. [40]

studied the feasibility of implementing AM to develop microchannels for dry

cooling in power plants. Three test sections with the same geometry were

printed in stainless steel (SS17-4), titanium alloy (Ti64), and aluminum alloy

(AlSi10Mg). The authors reported that titanium alloy exhibited the best ge-

ometrical accuracy when compared with the intended designed dimensions.

When the Reynolds number was 400, the overall heat transfer coefficient (U)

was 1700 Wm−2 K−1, 1100 Wm−2 K−1, and 3000 Wm−2 K−1 for SS-17, Ti64,

and AlSi10Mg, respectively. They concluded that their manifold microchan-

nel in the cross-flow configuration could improve the overall performance by

up to 30% and 40% in comparison to conventionally manufactured wavy fin
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and plain plate fin HXs, respectively. Collins et al. [37] recently analyzed

the single-phase flow in a microchannel that was additively manufactured

for electronics cooling. The microchannels consisted of 16 identical channels

with a square-shaped cross-section, and they each had a hydraulic diameter

of 0.5 mm. After printing and testing the section in AlSi10Mg using DMLS

technology, they found a mismatch between the experimental heat transfer

results and those of the laminar model, which they attributed to unknown

thermal alloy properties. In addition, the authors reported an early transi-

tion to turbulent flow at a Reynolds number of approximately 500.

The present study investigated the effect of a longitudinal VG in addi-

tively manufactured minichannel HXs, both experimentally and numerically.

Three test sections with different VG design parameters and a smooth chan-

nel (as a reference) were printed in AlSi10Mg using the DMLS method. Each

test section consisted of eight channels of rectangular cross-section, the de-

signed hydraulic dimensions being 2.86 mm. Distilled water was used as the

working fluid, the Reynolds number varied within a laminar flow range (170

< Re < 1,380), and two different heat fluxes (15 kWm−2 and 30 kWm−2)

were applied from the top wall of the HX. Another experiment was performed

to assess the material properties of the aluminum alloy, which were required

for accurate thermal measurement. The results of the experiment were com-

pared with well-known correlations within the field for the smooth channel

as well as the numerical solution obtained from the commercial finite element

method (FEM)-based software, COMSOL Multiphysics R©.
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2. Experimental Analysis

An experimental setup was designed and constructed to analyze the

single-phase thermal characteristics of additively manufactured minichannel

HXs. Distilled water was used as the working fluid, and minichannel HXs

were tested under constant heat flux boundary conditions in the laminar flow

range. In the case of the smooth channel, considering the test-rig configu-

ration, the tested flow range, and the working fluid, the flow would either

be simultaneously developing or thermally developing. The criteria is that

the hydrodynamic axial distance (x+ = L(DhRe)
−1) and the thermal axial

distance (x∗ = L(DhRePr)
−1) should have values above 0.05 for fully devel-

oped conditions to be met [41, 42]. In this study, only at the lowest tested

Reynolds number, flow became fully developed at the outlet.

2.1. Flow loop

Figure 2 demonstrates the experimental facility used to measure the heat

transfer characteristics of the 3D-printed minichannel HXs. The schematic

layout of the flow loop is shown in Fig. 3. To explain the flow loop and

starting before the gear pump, a column of distilled water was installed

to exert extra pressure. This facilitated the venting process and ensured

that the system operated above the atmospheric pressure. It also served

the purpose of system charging. The working fluid (distilled water in this

study) was circulated through the main loop by a gear pump (ISMATEC,

MCP-Z Standard) driven by a microprocessor control. The pump provided

a wide range of flow rates, from a minimum of 1 mLmin−1 to a maximum

of 7,020 mLmin−1. A custom-made mica heater (Backer Calesco R©) of to-
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tal thickness 2 mm, powered by a DC electrical power unit equipped with

a PID controller (Eurotherm 2404), was used to heat the water as it flowed

through the test module. Since the test module was designed as a closed loop,

the heated water needed to be cooled to the minichannel inlet temperature;

this was achieved using a plate heat exchanger (SWEP) and a thermal bath

(LAUDA, RE204). When high heat flux was applied, an additional plate

heat exchanger was connected to the loop, cooling the working fluid with tap

water. Finally, the water passed through a turbine and a Coriolis flow meter.

The facility was equipped with the necessary instrumentation to measure the

heat characteristics of the HX. Two resistance temperature detectors (RTDs)

measured the bulk temperature of the working fluid. Additional thermocou-

ples were installed to ensure the correct measurement of the fluid temper-

ature. Multiple thermocouples were positioned to measure the minichannel

wall temperature. Turbine and Coriolis flow meters with different measure-

ment ranges were used for the accurate measurement of the circulating flow

rate in the main loop. Measurements were taken in the primary loop, in

which components were connected to each other by a stainless steel tubing

(6 mm outer diameter and a 1 mm wall thickness). In the other loops, com-

ponents were connected using plastic hoses. A Swagelok tube fitting and plug

valves, which can withstand high pressures, were installed before and after

the test module. Note that the pipes in the primary loop, especially the test

module, were well insulated with Armaflex R© synthetic rubber, which has an

extremely low thermal conductivity (k < 0.042 Wm−1 K−1).
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Figure 2: Photograph of the experimental test-rig.

Figure 3: Schematic representation of the test-rig.
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2.2. Test module

The exploded view of the test module is shown in Fig. 4. The main

components of the test module were the housing, the minichannel HX, the

cover plate, and the mica heater. The HX housing was 3D printed and

sealed in polylactic acid (PLA). PLA was selected because of its low ther-

mal conductivity (k ≈ 0.13 Wm−1 K−1), which ensured a low heat loss to

the surroundings during the experiment. The housing contained plenums

upstream and downstream of the minichannel. Each plenum consisted of a

deep portion leading to a shallow portion to facilitate an even distribution

of flow between the minichannels and good mixing at the exit. Thus, the

working fluid bulk temperature reading could be enhanced. This design was

applied successfully in several previous studies, including that of Qu and

Mudawar and Khsohvaght-Aliabadi et al. [9, 43]. Two four-wire RTDs from

Pentronic R© with an accuracy of 1/10 DIN were placed at the deep portion

of the plenums to measure the inlet and outlet temperatures of the working

fluid. The minichannel HX prototypes were additively manufactured with

AlSi10Mg by using DMLS technology. Among the commercially available

materials for 3D metal printing, AlSi10Mg was chosen due to its superior

mechanical and thermal performance over the other existing alloys. As il-

lustrated in Fig. 5, the flat tube prototypes consisted of eight rectangular

channels, each with designed width a and height b of 5 mm and 2 mm, re-

spectively, and they were separated by a wall thickness t of 1.2 mm. The

minichannel length L was set to 150 mm. Further, 1.5 mm below the top

surface of the HX, hereinafter known as the planform area, five 0.6 mm di-

ameter holes were drilled into the side wall of the HX up to the center plane
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Figure 4: Test module.

(e.g. 24.2 mm of depth). High-quality copper-constantan thermocouples (T-

type) from Omega Engineering with a bead diameter of 0.5 mm were inserted

into these holes to measure the temperature distribution along the channel

length. Thin wire thermocouples were selected to achieve a shorter response

time. The thermocouples were placed at a distance of 24 mm away from

each other (Fig. 5(b)). To minimize the effect of trapped air inside the holes

on the thermocouple readings and to measure the surface temperature more

accurately, the holes were filled with a thermal compound (Arctic Silver R©
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5) with a thermal conductivity of 8.9 Wm−1 K−1. Acrylic was used for the

cover plate. The central part of the cover plate was removed to accommo-

date the mica heater. The cover plate was bolted to the housing to fix the

minichannel that was in place. Four screws at the inlet and outlet were

specifically designed for manual venting. Silicon rubber was attached along

the interface between the cover plate and the housing to prevent leakage. In

addition, two O-rings were used to ensure that the channel inlet and outlet

were sealed. A 260 W custom-made mica heater (2 mm thickness) placed on

the top planform area was powered by a DC power unit (EA-PSI 9080-100).

This DC power unit had a rated power of 3 kW, which allowed fine voltage

and current adjustments. Special attention was given to the heater design

so it can dissipate the heat as evenly as possible. The planform area was

polished manually using sandpaper and a thin layer of a thermal compound

was employed between the heater and the minichannel to ensure a complete

attachment. Finally, thin plywood (3 mm thickness) was sandwiched be-

tween the insulation material and the heater by using two clamps to avoid

the possibly bending or burning out of the heater.
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(a)

(b)

Figure 5: Details of the minichannel HX dimensions. Dimensions are in (mm).

2.3. Test section

Four prototypes, including the smooth channel as a reference, were man-

ufactured using DMLS technology. In the view of previous experiences with

3D printing (see Appendix A), DMLS is more effective in comparison to the

other methods such as EBM in terms of the design uniformity, geometri-

cal accuracy, and the surface roughness. The minichannels were designed

and printed based on the results of a numerical study [44] and the machine

accuracy (Appendix B). In the aforementioned study, Rastan et al. [44]

conducted a numerical parametric study on the effect of the embedded VGs

inside a minichannel HX under laminar flow conditions. Their results showed

that the angle of attack, VG height, VG length, and the longitudinal pitch

had the most significant effects on the heat transfer and the flow friction

characteristics. In contrast, the VG thickness and the distance from the

sidewalls had a minor influence on the performance of the HX. Therefore, in

this investigation, the VG thickness and the distance from the side walls were

22



fixed based on the capability and limitations of the commercial 3D printing

machine in order to fabricate the rectangular winglet VGs accurately. For

instance, low thickness can cause VG shape distortion while high thickness

may result in flow blockage due to the unmelted powder attaching the VGs

to the side walls (see Fig. 23). Also, by considering fixed values for the

thickness and the distance from the side walls, other parameters having con-

siderable effects on HX performance could vary within wider ranges due to

the channel space limitation. The distance of the first VG from the inlet were

fixed in order to avoid the growth of boundary layer. For selection of other

parameters, Taguchi method [45] was implemented and combination sets of

parameters which yielded to the highest HX performance (ratio of enhanced

heat transfer to the increased pressure drop in comparison to smooth tube)

were further on selected to be manufactured additively. It should be noted

that the design parameters demonstrated in Fig. 6 and summarized in Table

1 were repeated for all eight channels in each test section. All of the other

major design parameters of the minichannel (e.g. channel width and channel

height) remained the same as presented in Fig. 5.

Figure 6: Vortex generator design parameters.
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Table 1: Test section designed values.

Symbol Definition 1(smooth) 2 3 4

l
′

Distance of the first VG row from the inlet - 5 mm 5 mm 5 mm
l VG length - 3 mm 2 mm 2.5 mm
β Angle of attack - 30◦ 45◦ 30◦

H VG height - 1.2 mm 1.2 mm 0.8 mm
S Longitudinal Pitch - 18 mm 17 mm 22.5 mm
w VG thickness - 0.5 mm 0.5 mm 0.5 mm
dwall Distance from the inner wall - 0.4 mm 0.4 mm 0.4 mm

2.4. Material properties

The material properties of the used alloy in the experiment (AlSi10Mg)

were required in order to correctly evaluate the thermal performance of the

3D-printed prototypes. Therefore, the density, specific heat, and thermal

conductivity of the alloy were measured. To achieve this, two cylinders with

a diameter of 50 mm and height of 20 mm were printed in the same printing

processes that were performed for the prototypes. A digital scale and Vernier

caliper were used for the density measurement whereas differential scanning

calorimetry (DSC) and the transient plate source method (TPS) were used

for the specific heat and thermal conductivity measurement, respectively.

The detailed explanation of the measurement is published in [46]. In order

to avoid repetition, only the summary of the results is presented in Table 3.

Also, the fabrication process of minichannels via 3D printing technique may

result in high surface roughness. Surface roughness of each test section were

measured using a stylus profiler (KLA-Tencor P-15). The obtained results

indicated that prototype 1 (e.g smooth channel) had the highest surface

roughness with the arithmetic mean roughness Ra, and the root-mean-square

(RMS) roughness Rq of 17.28 µm and 23.40 µm, respectively. See Appendix

C for further details.
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3. Experimental Data Acquisition

Data were acquired using an Agilent 34970A (Keysight Technologies).

Keysight VEE software was used to record the flow and temperature values.

The readings were recorded when the system reached a steady-state condition

at each tested flow rate value. The steady-state condition was assumed to

have been achieved when the fluctuations for the thermocouples were less

than 0.04 ◦C. This usually required a time of approximately 35 min for

higher flow rates and 1 h for lower flow rates. All the data, which were

logged for 5 min at 3 s intervals, were averaged to obtain a single set of data

for further calculations. The average values were used as an input to verify

the numerical model.

The heat dissipated by the heater was manually adjusted by the DC power

supply. The test was conducted under two different heat fluxes of 15 kWm−2

and 30 kWm−2 based on the planform area Aplanform(= 48.4 × 140 mm2).

The flow rate changed from 14.7 kgh−1 to 120.2 kgh−1, which corresponds

to a Reynolds number ranging from 170 to 1,380.

The imposed electrical power by DC unit can be calculated as:

E = V.I (1)

where V is the voltage in (V) and I is a current in (A).

The steady-state sensible heat gain by the working fluid can be expressed as

follows:

Q̇sensible = ṁ cp (Tblk,out − Tblk,in) (2)
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where ṁ was measured with the Coriolis mass flow meter. The gear pump

assured a constant water flow rate for each test condition. The Coriolis mass

flow meter measured the density in addition to the mass flow rate. The

measured density values were compared with the obtained polynomial re-

gression based on the provided data [47]. The difference was found to be

approximately 1%. Hence, thermal properties were assumed and calculated

according to Table 3. Note that all of the thermal properties were read at

the arithmetic mean fluid temperature. The working fluid bulk tempera-

ture was measured with the RTDs located upstream and downstream of the

minichannel. The inlet water temperature was fixed at 25 ◦C(±0.15).

The imposed electrical power can be compared to the magnitude of absorbed

heat by distilled water passing thorough the minichannel in order to calculate

the heat loss from the system.

Q̇loss = E − Q̇sensible (3)

The heat loss to the atmosphere was determined to be no more than 8% of

the added power input for all of the investigated cases. For instance, more

than 97 W out of the input power of 103 W was absorbed by the working

fluid at a low Reynolds number of 170. In contrast, 101 W out of 103 W was

absorbed at the highest Reynolds number (Re ≈ 1, 380). The effective heat

flux was calculated based on the top planform area of the HX, as follows:

q′′ =
ṁ cp (Tblk,out − Tblk,in)

AHXPlanform

(4)

Because the direct measurement of the HX’s inner-wall temperature was not
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feasible, a 1D conduction formulation was applied, as described below:

Twall = Tmeasured − (
sq′′

ksolid
) (5)

where s is the distance between the measured surface temperature and the

inner-channel wall. This method was applied successfully by other researchers,

including Lee et al. [10] and Zeng et al. [48]. The average convective heat

transfer coefficient was:

h̄ =
Q̇sensible

NAwetted(Twall − T fluid)
(6)

where N is the number of channels, and Awetted is the wetted area, which

equals 2L(a+b) in the case of a smooth channel. The surface areas of the

VGs were added for the channel equipped with VGs. Twall is the average

of the surface temperature along the channel, and T fluid is the mean fluid

temperature. Finally, the Nusselt number was calculated using the following

equation:

Nu = (
h̄Dh

kfluid
) (7)

It should be mentioned that the experiment was repeated with a lower heat

flux after a month under the same conditions. There was an excellent agree-

ment, which indicates the repeatability of the data.
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4. Uncertainty Analysis

4.1. Calibration of thermocouples

For mini/microchannel heat sinks or HXs, the temperature difference

between the fluid bulk and the wall temperature is typically rather small,

particularly at high flow rates, due to the high thermal performance of these

components. Low temperature differences usually result in large uncertain-

ties in the thermal performance evaluation of HXs. Hence, a further tem-

perature calibration was required to reduce the associated uncertainty. For

this purpose, a liquid bath (Isotech Hyperion Site) and a RTD (Fluke 1551a)

with an accuracy of 0.05 ◦C were used. The liquid bath helped to maintain

a constant fluid temperature by stirring the fluid. The bath was filled with

distilled water and it was insulated with Armaflex insulation material to re-

duce the environmental disturbance. The thermocouples were tied to the

bodies of the RTDs with zip ties, and the thermocouple junctions were con-

nected to the data acquisition system. Thermocouples were inserted inside

the liquid bath from the top side through very narrow holes in the insulation

material. Note that the levels of the thermocouple tips were perfectly aligned

with the RTD to measure the same spot inside the bath. The liquid bath

temperature was set to 20 ◦C, and it was left for 1 h to reach the steady-

state condition. Subsequently, temperature readings were logged every 3 s

for 3 min. The procedure explained above was repeated for every 5 ◦C until

the temperature reached 40 ◦C. A linear curve fit of each thermocouple was

obtained considering the temperature of the Fluke RTD as the true value.

This method was advantageous since it considers the errors in reference box,

the extension cable, and the data acquisition. Finally, the reliability of the
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obtained equation was verified by correcting the thermocouple readings at

different liquid bath temperatures. There was an excellent agreement with

the RTD readings by performing this methodology.

4.2. Error analysis

In general, experimentally obtained measurements and values deviate

from the true values because of the intrinsic errors associated with the ex-

periment. These errors can be attributed to instruments, facilities, human

factors, and environmental disturbance. Therefore, knowledge of such exper-

imental uncertainties is crucial in the validation and calibration of computer

simulations [49]. An experiment can be deemed truly complete only if the

results are analyzed in light of these uncertainties.

Vernier caliper was used to measure the width a and height b of minichan-

nel prior to conducting the experiments. A maximum deviation of 9% for

the hydraulic diameter with respect to the nominal design value was found.

After performing the experiments, the channels were cut from the top plane

and the uniformity of the dimensions along the channel length was exam-

ined. The variations of the channel’s width a after cutting was found to

be within ±2% of the channel width at the inlet and the outlet. For the

uncertainty calculation associated with the average heat transfer coefficient,

the uncertainty of the VGs surface area were also taken into account using

scanning electron microscopy (SEM) images, see Fig. 7. Due to the high

number of embedded VGs inside each test section, uncertainty of the other

VGs assumed to be the same as of the ones obtained through SEM images.
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(a)
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(c)

Figure 7: SEM analysis of each tested prototypes: (a) Prototype 2 (l = 3 mm, β = 30◦,
H = 1.2 mm, S = 18 mm). (b) Prototype 3 (l = 2 mm, β = 45◦, H = 1.2 mm, S = 17 mm).
(c) Prototype 4 (l = 2.5 mm, β = 30◦, H = 0.8 mm, S = 22.5 mm)

In this study, the uncertainty analysis was based on the root sum square

method described by Moffat [50] and the ASME standard [51]. Accordingly,

the uncertainty associated with the Reynolds number and average heat trans-

fer coefficient could be expressed as following:

URe = ±

√
(
∂Re

∂ρ
Uρ)2 + (

∂Re

∂um
Uum)2 + (

∂Re

∂Dh

UDh
)2 + (

∂Re

∂µ
Uµ)2 (8)

Uh̄ = ±

√
(
∂h̄

∂Q̇
UQ̇)2 + (

∂h̄

∂Aconv
UAconv)2 + (

∂h̄

∂Twall
UTwall

)2 + (
∂h̄

∂Tfluid
UTfluid)2

(9)

Table 2 lists the measuring tools that have been used during this study

and their corresponding accuracies. The uncertainties in the derived parame-
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ters of the channel with the highest uncertainty are also listed (e.g prototype

2). Using Engineering Equation Solver (EES) software, the analysis showed

that the expanded uncertainty (95% confidence interval) of the convective

heat transfer coefficient for the prototype 2 ranged from 9.0% to 47.4% de-

pending on the flow rate (Table 2). As the flow rate increased, the tempera-

ture difference between the inlet and the outlet decreased, leading to higher

uncertainties. The main source of error in the analysis was the temperature

measurements of both the minichannel surface and the working fluid.

Table 2: Experimental tools accuracy information and uncertainty of derived parameters
.

Experimental sensors Affected parameters Accuracy

Thermocouple (Omega, T-type) Twall 0.50 ◦C
RTD (Pentronic, 1/10 DIN) Tblk,in, Tblk,out 0.04 ◦C at 20 ◦C

Coriolis mass flow meter (Micro Motion CMFS015M) ṁ ±0.10% of rate (Liquid)

Turbine flow meter (Omega-FLR1012ST) V̇ ±1.00% Full Scale

Variables Range Expanded uncertainty,%
h̄ [Wm−2 K−1] 1,645.4- 5,918.8 9.0- 47.4

Re [-] 169.5- 1,371.9 6.5- 7.3

5. Numerical Analysis

5.1. Computational model description

Since the experimentally tested prototypes have repetitive geometries, a

single-channel unit, including half of the side solid wall (t/2), was chosen as

the computational domain for each HX. The selected model assumed that

the working fluid was distributed evenly between the channels, which helped

to reduce the computational time. Figure 8 displays the chosen numerical

model, the coordinate system, and the related dimensions. The dimensions

of the VGs for the numerical simulations were consistent with the designed
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prototypes and are in line with the details listed in Table 1. As demonstrated

in Fig. 8, the inlet and outlet of the core computational part (i.e., the

minichannel HX) were extended by 20 mm. The added extension, hereinafter

called the fluid block, improved the computational convergence by ensuring

no flow recirculation at the exit.

Another numerical modeling approach (not reflected in this study) in-

volves cutting the single-channel unit mentioned above into half at the mid-

plane. This would be advantageous in regard to the computational time, and

for parametric and optimization studies that intend to compare the various

design parameters. However, as the vortices were generated, there would be

a strong span-wise velocity and temperature gradient within the fluid. This

would be damped by this model technique; thus, inducing large numerical

errors when comparing the results to the experiment. Therefore, the first

modeling approach was used in the analysis.
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Figure 8: Computational domain and boundary conditions.
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5.2. Governing equations and numerical data reduction

Several numerical and experimental studies of embedded VGs inside the

mini/microchannel components showed that the flow could be safely consid-

ered to be laminar when the Reynolds number was below 1,700 although

many vortices could be generated within the domain [52–55]. In addition,

the experimental results of this study (presented in Section 6) showed no

indication of transitional or turbulent flow within the tested flow range

(170 < Re < 1, 380) for the prototypes. Finally, It was determined that

the use of the SST-kω turbulence model in combination with the Reynolds-

averaged Navier-Stokes (RANS) equations yielded a near-laminar flow solu-

tion at a low-flow Reynolds numbers [56]. Thus, extra simulations based on

the SST-kω turbulent model and the highest tested flow range (Re ≈ 1, 380)

were conducted for the prototypes and were compared with the laminar flow

solution. The maximum difference in the Nusselt number was determined

to be less than 3%. As a result, the laminar flow model was considered for

further numerical calculations.

The following assumptions were made to simplify the numerical simula-

tion:

(1) The flow considered was to be steady-state, single-phase, laminar, and

weakly compressible.

(2) The thermal properties of the working fluid varied with the temperature

and were based on Table 3. For the solid domain, the properties were

constant and in agreement with the obtained material properties for the

AlSi10Mg alloy.

(3) The effect of viscous dissipation could be safely neglected because of the
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designed channel size, the choice of the working fluid, and the investi-

gated flow range [57, 58].

(4) The influence of gravity and radiation heat transfer were neglected.

Under the above assumptions, the governing equations were as follows:

- Continuity:

∇ · (ρ~V ) = 0 (10)

- Conservation of momentum:

ρ(~V · ∇)~V = −∇p+ µ∇2~V (11)

- Conservation of energy:

~V · ∇T = ∇ · ( k

ρcp
∇T ) (12)

The governing equations within the solid domain were transformed as follows:

- Conservation of momentum:

~V = ~0 (13)

- Conservation of energy:

∇2T = 0 (14)

Note that the temperature of the working fluid at the minichannel outlet

was calculated as the mass-weighted temperature. The minichannel wall
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temperature was calculated as the line average of the inner surface to ensure

consistency with the experimental conditions (i.e., corrected thermocouple

readings).

The pressure drop was defined as the difference in the static pressure between

the inlet and outlet:

∆P = (P in − P out) (15)

A nondimensional form of the pressure drop is the apparent friction factor

fapp, expressed as [42]:

fapp =
∆PDh

2ρu2
mL

(16)

Where ∆P is the pressure drop through the channel, um is the mean fluid

velocity, and L is channel’s length.

Finally, in order to compare the performance of the enhanced heat ex-

changer surface with that of the smooth channel surface case, the global

performance evaluation criteria (PEC) at constant pumping power was used

[59–61]:

PEC =
Nu
Nus

( fapp
fapp,s

)
1
3

(17)

The nominator of each fraction belongs to the enhanced surfaces while the

denominator having subscript (s) represent the smooth surface.
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Table 3: Thermo-physical properties of AlSi10Mg and distilled-water. The unit of tem-
perature is Kelvin.

Thermal property AlSi10Mg [46] Distilled water [47]
µ [kgm−1 s−1] - (3.82937E−11)T 4 − (5.19160E−8)T 3+

(2.64389E−5)T 2 − (6.00086E−3)T+
(5.13161E−1)

cp [Jkg−1 K−1] 846 (3.04565E−6)T 4 − (4.03634E−3)T 3+
(2.01262)T 2 − (4.47105E2)T+
(4.14867E4)

k [Wm−1K−1] 110.93 (2.18062E−8)T 3 − (2.93359E−5)T 2+
(1.32323E−2)T − 1.30788

ρ [kgm−3] 2620.73 (1.69701E−5)T 3 − (1.99752E−2)T 2+
(7.13761)T + (1.94866E2)

5.3. Boundary conditions

The commercial software package Comsol Multiphysics v5.3a, which solves

governing equations based on the FEM, was used as the numerical tool. The

conjugate heat transfers and laminar model were considered since they best

represented the experiment. Referencing Fig. 8, the mass flow rate and a

uniform temperature were applied to the inlet of the fluid block according to

the experimental input. At the fluid block outlet, an outlet boundary con-

dition, with a relative pressure of 0 Pa, and an outflow boundary condition

were assumed for the laminar flow and heat transfer modules, respectively.

An adiabatic boundary condition was chosen for the other surfaces of the

fluid blocks. Finally, no-slip boundary conditions were considered for the

fluid walls. For the solid domain, a uniform heat flux was applied to the top

of the minichannel surface, which is consistent with the experimental results.

Symmetry boundary conditions were applied to the sidewalls.
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5.4. Method validation, grid sensitivity, and solver settings

The ability of the selected FEM-based software to produce accurate re-

sults for the conjugate heat transfer and the laminar model was previously

verified by the present authors [44]. In the aforementioned study, the re-

sults of numerical predictions were compared with classical correlations for

a circular tube, assuming constant wall temperature, as well as with the

experiment of Liu et al. [30], and good agreement was achieved. In this

paper, a tetrahedral element was applied to the VGs and the planform area

while non-uniform tetrahedral elements were used for discretizing the other

domains. Finer resolutions were used near the walls and the VGs. The grid

sensitivity was conducted for each prototype at the highest tested mass flow

rate separately and only a summarized conclusion is given for prototype 3 as

presented in Fig. 9. As shown, Mesh 3 and Mesh 4 differed by less than 1.15%

for the average Nusselt number. Therefore, considering the computational

accuracy–time tradeoff, Mesh 3 (with 1,069,783 elements) was selected for the

analysis. The temperature field was represented using a quadratic element,

whereas velocity and pressure were represented as second- and first-order

discretizations (P2+P1), respectively. P2+P1 uses quadratic interpolation

of the velocity field and linear interpolation of the pressure field. The conser-

vation equations were solved using a segregated approach and a direct solver

(PARDISO). In the convergence criteria analysis, the simulations were con-

sidered to have converged when the relative tolerance was less than 5× 10−5

for the continuity, momentum, and energy equations.
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Figure 9: Mesh independence study for Prototype 3 (l = 2 mm, β = 45◦, H = 1.2 mm,
S = 17 mm) and Re = 1, 366.

6. Results

6.1. Heat transfer

For the smooth channel, the experimental single-phase heat transfer data

were measured and compared against well-known correlations and a numer-

ical simulation. Thermal entry region correlations were considered for com-

parison purposes. This is because for most of the experimental conditions,

the flow was thermally developing through a large portion of the channel’s

length (0.006 < x∗ ≡ L(DhRePr)
−1 < 0.053). The only case where the flow

was fully developed at the outlet was the lowest tested flow rate (Re ≈ 176).

Among the classical correlations, the results were compared with the mod-

ified Hausen formula [41]. The Hausen correlation was originally developed

for a circular tube with a constant wall temperature boundary condition as
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described in Eq. 18.

Nu =3.66 +
0.0668GzD

1 + 0.04Gz
2/3
D

, Tsurface = constant (18)

where GzD is the Graetz number (GzD ≡ DhRePrL
−1). However, by looking

closer at Eq. 18, it can be demonstrated that the constant in the equation

represents the fully developed value in the laminar region. By changing

the constant to the corresponding channel aspect ratio (α ≈ 2.5) and the

constant heat flux boundary condition, this can lead to a modified formula.

This can be written as follows:

Nu =4.46 +
0.0668GzD

1 + 0.04Gz
2/3
D

, q
′′

surface = constant, α = 2.5 (19)

Another correlation used in the analysis is the one recently presented by

Lee and Garimella [62] for thermally developing flow based on the numerical

simulations. Using the finite volume method, they showed that the results

of the conjugate heat transfer approached that the constant axial heat rate

with a constant temperature around the tube periphery (known as the H1

boundary condition) for minitube/microtube materials with high thermal

conductivity. Based on the numerical simulation, the correlation for the

average Nusselt number can be expressed as follows:

Nu =
1

C1(x∗)C2 + C3

+ C4, for 1 ≤ α ≤ 10 (20)
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where

C1 =(−2.757E−3)α3 + (3.274E−2)α2 − (7.464E−5)α + 4.476

C2 =6.391E−1

C3 =(1.604E−4)α2 − (2.622E−3)α + (2.568E−2), and

C4 =7.301− (1.311E1)α−1 + (1.519E1)α−2 − 6.094α−3

It is interesting to note that the results of the average Nusselt number ob-

tained from the modified Hausen formula deviated less than 3.1% from the

correlation developed by Lee and Garimella [62] within the studied range.

The experimental results were also compared with the modified Baehr-

Stephan [63] and Sieder-Tate [64] equations. These correlations were devel-

oped for the simultaneously developing flow (Eq. (21-22)).

Nu =

4.46

tanh[2.264Gz
−1/3
D +1.7Gz

−2/3
D ]

+ 0.0499GzD tanh(Gz−1
D )

tanh(2.432Pr1/6Gz
−1/6
D )

(21)

and:

Nu = 1.86Gz
1/3
D (22)

Note that the constant in Eq. 21 was modified according to the constant

heat flux boundary condition and the aspect ratio of the channel (α ≈ 2.5).

Figure 10 illustrates the comparison between the experimental results of the

smooth channel with the specified correlations and the numerical solution.

The corresponding value of the fully developed flow is also presented. Figure
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10 indicates that the experimental results had a good agreement with the nu-

merical solution. Furthermore, among the correlations, the modified Hausen

and Lee and Garimella equations developed for thermally developing flow pre-

dicted the average Nusselt number more accurately than the simultaneously

developing correlations (i.e. modified Baehr-Stephan [63] and Sieder-Tate

[64]). In fact, 79% and 95% of the obtained experimental data points were

within ± 10% of the thermally developing correlations (modified Hausen [41],

and Lee and Garimella [62]) and the numerical simulations, respectively.
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Figure 10: Comparison of the smooth channel experimental average Nusselt number with
the correlations and numerical simulation.

The results of the heat transfer for the different prototypes are shown

in Fig. 11 (a-d). To ensure the repeatability of the measured values, the

experiment related to each prototype was repeated in the case of a lower heat
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flux after a month. There was also a very good agreement, which confirms the

repeatability of the experiment. A comparison was made with the simulation

in the case of a lower heat flux and the repeated measurement.

Figure 12 displays a comparative summary of the experimental heat trans-

fer results for all of the prototypes.
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Figure 11: Experimental and numerical results of average Nusselt number as a function of
Reynolds number for different tested prototypes. (a) Prototype 1 (smooth channel). (b)
Prototype 2 (l = 3 mm, β = 30◦, H = 1.2 mm, S = 18 mm). (c) Prototype 3 (l = 2 mm,
β = 45◦, H = 1.2 mm, S = 17 mm). (d) Prototype 4 (l = 2.5 mm, β = 30◦, H = 0.8 mm,
S = 22.5 mm)

44



Figure 12: Comparison of the experimental average Nusselt number as a function of
Reynolds number for different test sections at lower heat flux (q

′′

repeatability ≈ 15 kW m−2).
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As indicated, the use of VGs considerably enhances the thermal exchange.

Prototypes 2 and 3 show a superior convective heat transfer in comparison

to prototypes 1 (smooth channel) and 4. For example, by having a Reynolds

number of 175, the average Nusselt number of channel 2 is 71% higher than

the smooth channel. At the highest tested flow rate (Re ≈ 1,380), the aver-

age Nusselt number of channel 2 was approximately three times more than

the smooth channel. The convective heat transfer increased as the Reynolds

number increased mainly due to the generation of stronger longitudinal vor-

tices. The use of a higher length, higher height, and a higher angle of attack

dramatically impacted the heat transfer rate. In addition, embedding a pair

of VGs near each other (i.e. a lower longitudinal pitch S) maintained the

strength of the vortices throughout the channel; thus, increasing the flow

mixing and convection. As reflected in Fig. 11, the numerical tool predicted

the experimental results reasonably well. Considering that the numerical

results followed the same trend as the experiment with the values within

the experimental uncertainties, the numerical results were determined to be

trustworthy. Therefore, the flow and heat transfer characteristics can be

further investigated by performing simulations.
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6.2. Pressure drop and performance evaluation criteria

The numerical pressure drop and the friction factor results for the smooth

and the enhanced prototypes are illustrated in Figs. 13. As the Reynolds

number increases, the pressure drop and the friction factor increases and de-

creases, respectively. At the highest tested Reynolds number (Re ≈ 1, 380),

the pressure drop of the prototypes 2, 3 and 4 increased by a factor of 8.7, 7.9

and 2.7, respectively, as compared to the smooth channel. The considerably

higher pressure drop across prototype 2 and 3 compared with prototype 4

was attributed to their choice of design parameters. The performance evalu-

ation criteria (PEC) as a function of Re number is, also, shown in Fig. 14.

As depicted, the PEC for the enhanced prototypes lies within 1.27 to 1.48

within the entire Reynolds range, except for the prototype 4 at the very low

Reynolds number. An increasing trend for the prototype 2 is seen as function

of Reynolds, pointing out to the superiority of the effect of the longer VGs

length at higher Reynolds number.
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Figure 13: Comparison of numerical pressure drop and apparent friction factor as a func-
tion of Reynolds number for different test sections: (a) pressure drop, (b) apparent friction
factor.
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Figure 14: Performance evaluation criteria as a function of Reynolds number for different
test sections.
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6.3. Flow and thermal characteristics of the manufactured prototypes

In order to further investigate the thermal characteristics of each proto-

type, extra simulations were conducted for the inlet Reynolds numbers of

481 and 1,284. The constant heat flux of 50 kWm−2 was applied to the

channel’s top surface, and inlet temperature was fixed at 25 ◦C. Higher heat

flux was considered in this set of simulations to get enough flow temperature

differences between inlet and outlet, especially at high Reynolds number, fa-

cilitating the comparison of the thermal enhancement among the prototypes.

The velocity and temperature contours, respectively, of a smooth channel at

an inlet velocity of 0.15 ms−1 and Rein = 481 at approximately 108 mm

from the inlet are depicted in Figs. 15(a) and (c). “The velocity profile

had the expected symmetric parabolic shape and the temperature near the

solid–fluid interference was high. The flow at this distance from the inlet was

hydrodynamically fully developed, but thermally developing, confirming that

the velocity boundary layer grew faster than the thermal boundary layer for

Pr > 1. As the thermal entry length increased with an increasing Re, the

thermal boundary layer at a given position in the channel would be thicker

with a low Re, and the heat transfer performance therefore lower (Figs. 15(c)

and (d)). Considering that the axial velocity component was dominant, no

cross-mixing occurred to promote heat transfer. In contrast, vortex gener-

ators can create complex flows that can significantly affect the overall and

local heat transfer. The minichannel with VGs exhibited a very different flow

(Fig. 15(b)). Here, the VG occupied a significant portion of the minitube

cross-section. This caused the flow to accelerate over the VG and to generate

3D vortices on the backside of the VG. The vortices extended downstream
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of the VGs caused high mixing, and an increased interaction between the

channel walls and the flow core; thus, disturbing the boundary layer. Con-

sequently, a thinner thermal boundary layer thickness was maintained along

the channel length, thereby increasing the convection” [44].
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Figure 15: Minichannel velocity and temperature contours: (a) smooth channel, uin =
0.15 m s−1, Rein = 481, (b) Prototype 3 equipped with VGs (β = 45◦, l = 2 mm, H =
1.2 mm, S = 17 mm), uin = 0.15 m s−1, Rein = 481, (c) smooth channel, uin = 0.15 m s−1,
Rein = 481, 103 mm < x < 108 mm, (d) smooth channel, uin = 0.4 m s−1, Rein = 1, 284,
103 mm < x < 108 mm.

Figures 16 and 17 illustrate the velocity and temperature profiles for the

channels equipped with VGs at the cross-section parallel to the zy-plane

(perpendicular to the flow direction) and right after the third VG for the in-

vestigated low and a high Reynolds number. The results of smooth channel

are also brought for the comparison. The velocity profiles indicate that the

high-velocity regions were formed at the channel’s top and side walls and a
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space between the VGs. The formation of high-velocity regions could be at-

tributed to the narrowed channel cross-sectional area due to the presence of

the VGs. The extent of the generated high-velocity zones depends on the VG

design parameters such as the height H, length l, and the angle of attack β. As

a result, the high-velocity regions for prototypes 2 and 3 are formed in com-

parison to prototype 4. In addition, the pressure difference between the two

sides of the VGs caused the formation of a pair of counter-rotating vortices,

which could be considered as a main enhancement mechanism. Longitudinal

vortices pushed the boundary layer down and had a thinning effect; thereby

helping a higher thermal exchange between the coolant and the HX’s wall.

As illustrated in the temperature contour (Fig. 16(d)), a pair of counter-

rotating vortices brought the near-wall high-temperature fluid to the center

of the vortices and this was mixed with the cold fluid; hence, leading to an

increased thermal interaction. In addition, longitudinal vortices thinned the

boundary layer at the bottom surface. The intensity of the generated vor-

tices in the case of prototype 4 was lower than prototypes 2 and 3 due to

the lower height of the VGs. Figure 16(d) shows that the generated vortices

were formed near the side walls and at a low height. Thus, a thicker ther-

mal boundary layer could be observed, resulting in a relatively lower thermal

enhancement in comparison with the other channels equipped with VGs.

Visualizing the flow from the top view helps to understand the flow char-

acteristics at the downstream of the VGs more thoroughly. Figures 18 and

19 show the velocity contours and the streamlines of the different prototypes

in the xy-plane and at a distance of 0.3 mm from the bottom inner-channel

surface. As demonstrated in the velocity contours, the generated wake in pro-
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totype 3 was larger due to the higher angle of attack. In this prototype, in

comparison to the other two prototypes embedded with the VGs, a marginal

delay in the dissipation of the high-velocity flow at the VG passage to the

channel cross-sectional area in the form of longitudinal vortices can be seen.

In the wake regions, regardless of the Reynolds numbers, a pair of trans-

verse vortices were generated in the xy-plane and they were perpendicular

to the flow direction for the prototypes, which is reflected in the streamlines.

In the case of the lower angle of attack of 30◦, prototypes 2 and 4, small

transverse vortices were generated in the proximity of the winglets; thus, al-

lowing a quick formation of the longitudinal vortices (Figs. 18(a) and (c) and

Figs. 19(a) and (c)). In contrast, at the higher angle of attack of 45◦, larger

transverse vortices were formed. This occupied a larger area and it disturbed

the emergence of the dominant flow mechanism of the longitudinal vortices

(Fig. 18(b) and Fig. 19(b)). The transverse vortices mixed the fluid locally

in those small regions. While the transverse vortices could be influential in

improving the local heat transfer, they decreased the relative effective length

of the longitudinal vortices.

The thermal performances of the enhanced prototypes with respect to

the benchmark prototype for the entire length of the channels are visualized

in Figs. 20 and 21, and this applies for Reynolds numbers of 481 and 1,284,

respectively. The formation of the thin thermal boundary layer throughout

the entire channel length is indicated for the enhanced prototypes, which

increased the convective heat transfer continuously along the channel length.

The mean thermal performance superiority of prototypes 2 and 3, in compar-

ison to prototype 4, is clearly understood by noticing the lower temperatures
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of their VGs at the end of the channel and, correspondingly, the higher

coolant temperature.

Velocity magnitude (m s-1)

x = 50.5 mm
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35

z

y

       Temperature (°C)

x = 50.5 mm

0.4

z

y

28
30

32

34

36

38

24
26

(a)

28
30

32

34

36

38

24
26

Velocity magnitude (m s-1)        Temperature (°C)

x = 41.5 mm x = 41.5 mm
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4

z

y

z

y

(b)

28
30

32

34

36

38

24
26

Velocity magnitude (m s-1)        Temperature (°C)

x = 39.5 mm x = 39.5 mm
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35

z

y

z

y

0.4

(c)

54



28
30

32

34

36

38

24
26

0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4

Velocity magnitude (m s-1)        Temperature (°C)

x = 50.5 mm x = 50.5 mm z

y

z

y

(d)

Figure 16: Velocity and temperature contours at Rein = 481 (a) Prototype 1 (smooth
channel). (b) Prototype 2 (l = 3 mm, β = 30◦, H = 1.2 mm, S = 18 mm). (c) Prototype
3 (l = 2 mm, β = 45◦, H = 1.2 mm, S = 17 mm). (d) Prototype 4 (l = 2.5 mm, β = 30◦,
H = 0.8 mm, S = 22.5 mm)
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Figure 17: Velocity and temperature contours at Rein = 1, 284 (a) Prototype 1 (smooth
channel). (b) Prototype 2 (l = 3 mm, β = 30◦, H = 1.2 mm, S = 18 mm). (c) Prototype
3 (l = 2 mm, β = 45◦, H = 1.2 mm, S = 17 mm). (d) Prototype 4 (l = 2.5 mm, β = 30◦,
H = 0.8 mm, S = 22.5 mm)
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Figure 18: Velocity contours and streamlines at Rein = 481 (a) Prototype 2 (l = 3 mm,
β = 30◦, H = 1.2 mm, S = 18 mm). (b) Prototype 3 (l = 2 mm, β = 45◦, H = 1.2 mm,
S = 17 mm). (c) Prototype 4 (l = 2.5 mm, β = 30◦, H = 0.8 mm, S = 22.5 mm)
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Figure 19: Velocity contours and streamlines at Rein = 1, 284 (a) Prototype 2 (l = 3 mm,
β = 30◦, H = 1.2 mm, S = 18 mm). (b) Prototype 3 (l = 2 mm, β = 45◦, H = 1.2 mm,
S = 17 mm). (c) Prototype 4 (l = 2.5 mm, β = 30◦, H = 0.8 mm, S = 22.5 mm)
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Figure 20: Temperature contours at Rein = 481 (a) Prototype 2 (l = 3 mm, β = 30◦,
H = 1.2 mm, S = 18 mm). (b) Prototype 3 (l = 2 mm, β = 45◦, H = 1.2 mm, S = 17 mm).
(c) Prototype 4 (l = 2.5 mm, β = 30◦, H = 0.8 mm, S = 22.5 mm)
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Figure 21: Temperature contours at Rein = 1, 284 (a) Prototype 2 (l = 3 mm, β = 30◦,
H = 1.2 mm, S = 18 mm). (b) Prototype 3 (l = 2 mm, β = 45◦, H = 1.2 mm, S = 17 mm).
(c) Prototype 4 (l = 2.5 mm, β = 30◦, H = 0.8 mm, S = 22.5 mm)
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7. Conclusion

The main aim of the study was to investigate the feasibility of using metal

three-dimensional (3D) printing as a manufacturing method to fabricate en-

hanced minichannel heat exchangers. The single-phase thermal character-

istics of an enhanced minichannel heat exchanger equipped with longitudi-

nal vortex generators were analyzed both experimentally and numerically.

The minichannel heat exchangers were manufactured in an aluminum alloy

(AlSi10Mg), according to desirable thermal features. Four different test sec-

tions including a smooth channel as a benchmark were printed via direct

metal laser sintering (DMLS) technology owing to the better surface rough-

ness and greater design uniformity. A proper test rig was developed to test

the prototypes in the laminar flow condition using distilled water as a work-

ing fluid. The Reynolds number ranged from 170 to 1,380, and the heat

exchangers were tested with two different heat fluxes of 15 kWm−2 and 30

kWm−2. The experimental conditions were used as an input for the numer-

ical simulation using Comsol multiphysics as a tool. Also, extra simulations

were conducted to have further understanding of the effect of the VGs inside

the minichannel heat exchangers. The main conclusions of this research work

are summarized as follows:

• The experimental results for smooth channel without vortex generators

agreed well with the modified formula suggested by Hausen and a correla-

tion developed by Lee and Garimella. While the correlations developed for

fully developed velocity profile at the entrance and developing temperature

profile predicted the obtained results reasonably well, the classical formula

suggested for developing velocity and temperature profiles, over- predicted
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the average Nusselt number with the current minichannel design and test

setup.

• In the case of the channel equipped with vortex generators, COMSOL

Multiphysics predicted the heat transfer coefficient reasonably well, and

therefore it could be used in the ensuing analysis of 3D conjugate heat trans-

fer in laminar flow.

• At the highest tested Reynolds number (Re ≈ 1380) for Prototype 2, the

convective heat transfer was almost three times that of the smooth chan-

nel. Therefore, vortex generators can be applied to the liquid side of the

minichannel heat exchanger to boost convection. The three-dimensionally

induced vortices caused by the vortex generators can significantly enhance

the thermal characteristics, thereby potentially reducing the heat exchanger

size for a given heat load.

• Finally, the verified thermal performance of the 3D-printed minichan-

nel heat exchanger through both experimental and numerical calculations

showed that additive manufacturing is a promising solution for the develop-

ment of future enhanced minichannel heat exchangers.

Appendix A. Prototypes based on different metal AM method

In the earliest design phase, in order to find the proper metal 3D-printing

method for manufacturing minichannel HXs, prototypes were developed us-

ing EBM and DMLS technologies. The prototypes were printed using AR-

CAM A2X (EBM) and EOS M290 (DMLS) metal AM machines. It was

found that the channels could become blocked by unmelted powder in the

case of EBM when the channel size was below 1.5 mm. Although detailed
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surface roughness measurements were not conducted, the surface quality was

found to be much lower for EBM than for DMLS. In conclusion, DMLS tech-

nology is promising for printing HXs, while EBM may have application for

high-temperature gas HXs. The following figures show the printed proto-

types.

(a)

(b)

Figure 22: Various minichannels printed via different technologies. (a) with Arcam EBM
machine in Inconel 718, (b) with EOS M290 DMLS in AlSi10Mg.
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Appendix B. Exercising various heat transfer enhancement tech-

nique

In the next step and after finding DMLS technique an appropriate method

for the production of heat exchangers, various enhancement techniques were

exercised in order to attain a solid experience about the accuracy of metal

3D printers. Figure 23 demonstrates the printed part with DMLS technolgy

in AlSi10Mg. It should be mentioned that the numerical parametric study of

VG’s effect in an additively manufactured minichannel heat exchanger was

conducted based on the accuracy of this prototype [44].

Figure 23: Various passive enhancement techniques printed in AlSi10Mg using the DMLS
fabrication method.
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Appendix C. Surface roughness measurement

The surface roughness of each printed channels was measured via Stylus

profiler (KLA-Tencor P-15). The result of roughness height is illustrated in

Fig. 24 for each prototype. The arithmetic mean roughness Ra and the RMS

roughness Rq were calculated according to the following equations:

Ra =
1

n

n∑
i=1

|zi − zm| (23)

Rq =

√√√√ 1

n

n∑
i=1

(zi − zm)2 (24)

Where n is number of data points, z is the roughness height corresponding to

each measured points, and zm is a averaged roughness height of all measured

points.
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Figure 24: Surface roughness results: (a) Prototype 1 (smooth channel). (b) Prototype 2
(l = 3 mm, β = 30◦, H = 1.2 mm, S = 18 mm). (c) Prototype 3 (l = 2 mm, β = 45◦, H =
1.2 mm, S = 17 mm). (d) Prototype 4 (l = 2.5 mm, β = 30◦, H = 0.8 mm, S = 22.5 mm

)
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