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Abstract 

It has been demonstrated that flexible vortex generators, e.g., flapping flag, can significantly 

enhance heat transfer inside a heat sink. However, their heat transfer enhancement is only 

effective when they exhibit flapping behaviors, which require a flow velocity higher than the 

heat sink working velocity, and thus restraint their application. Minimizing the critical flapping 

velocity of the flags without sacrificing the heat transfer performance is needed. In this work, 

we study the cases of inverted flags with different thicknesses in a channel flow. Three flag 

motion modes are identified by a high-speed camera with increasing flow velocity. In the first 

mode transition, i.e., the flag starts flapping, the heat dissipation has the highest enhancement. 

Numerical simulation reveals that compared to the other motion modes, the flapping mode has 

the strongest average vorticity along the channel wall, leading to the highest heat dissipation 

among all flag motion modes. Experimental results show that the critical velocity can be as low 

as 1.5 m/s, at which the heat dissipation enhancement can be as high as 100%. The findings in 

this work significantly benefit the application of flexible vortex generators in heat sinks, by 

enabling a decrease in critical velocity and a good enhancement in heat dissipation.  
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Nomenclature 

Atotal Total heat transfer area, m2  

D  Channel width, m 

E   Young’s modulus, Pa  

f  Friction factor 

h  Average heat transfer coefficient, W m-2 K-1 
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H  Channel width of the test section in simulation, m  

k  Air thermal conductivity, W m-1 K-1 

L  Channel length of the test section in simulation, m 

Nu  Nusselt number 

Qloss           Background heat loss, W 

Qnet  Net dissipated heat, W 

Qtotal Total input power, W 

Re  Reynolds number 

r  Flag thickness, µm 

𝑠𝑠x/𝑠𝑠y Displacement in x/y direction, m 

𝑠𝑠  Displacement vector, m 

tr  Tensor trace 

𝑢𝑢in  Average inlet air velocity, m/s 

𝑢𝑢x/𝑢𝑢y Velocity in x/y direction, m/s 

𝑢𝑢�⃗   Velocity vector, m/s 

𝛤⃗𝛤  Stress vector in the airflow, Pa 

𝐼𝐼  The unity tensor 

ΔP/P Pressure difference/pressure, Pa 

ΔTlmtd   Log mean temperature difference between the copper plate and airflow, K 

𝛿𝛿𝛿𝛿  Experimental uncertainty 

𝛿𝛿𝑋𝑋i  The uncertainty of one independent variable 

η  Performance ratio 

𝜆𝜆  Lame’s first parameter, Pa 

μ  Air dynamic viscosity, kg m-1 s-1 

𝜇𝜇s  Lame’s second parameter, Pa 

ν   Poisson’s ratio 

𝜌𝜌  Air density, kg/m3 
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𝜌𝜌s  Flag density, kg/m3 

𝜎⃗𝜎  Stress vector in the flag, Pa 

 
Subscripts 

aug  Augmentation 

c  Clean channel 

m  Modified channel 
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1. Introduction 

High-performance heat sinks are of great significance to the operation of electronic products, 

which usually generate heat inside.  The generated heat may damage the products if it cannot 

be dissipated effectively. The most commonly used heat sink is an air-cooled system with 

multiple extended fins forming multiple channels for airflow passing through. However, the 

flows in such heat sink systems are mostly laminar, which limits the heat transfer efficiency. 

Many techniques have been tried to enhance the heat transfer, such as making rough surfaces, 

extending surfaces, or adding twisted tape inside the channels. One effective approach is to add 

a vortex generator (VG) to make the thermal boundary layer thinner [1–5] by introducing 

additional turbulence [6]. There are two types of VGs, passive VG and active VG. Passive VGs 

refer to stationary structures inserted in the channels or attached to the channel wall. A passive 

VG, which composes of built-in delta winglets, has been shown to improve the heat transfer 

by 2.5 times [7] or the overall heat dissipation rate by 20-35% [8]. However, a significant 

pressure drop in the channel was induced, resulting in an unsatisfactory overall efficiency. On 

the other hand, active VGs involve surface vibration using piezoelectric fans, fluid vibration, 

or synthetic jets utilizing MEMS [9].  Active VGs cause a lower pressure drop due to their 

oscillating motions, but all of them demand external power. A forced oscillating cylinder was 

demonstrated to have 60% enhancement [10] of the channel heat transfer and reduce the 

pressure drop. However, 300% more mechanical power was needed for its oscillation.  

 

Recently, another technique utilizing aeroelastic flutter has been developed. A flutter is 

generated by simply inserting some flexible structures into the channels [10–17]. The flexible 

structure will be self-excited by the flow that improves heat transfer by enhancing core flow 

mixing. It is similar to the active technique, but no external power is required. It is reported 

that as high as 300% enhancement in local heat transfer coefficient can be obtained [18]. Even 

though the core flow mixing increases the channel friction, the benefit of aeroelastic fluttering 

in heat transfer can still be greater than the negative effect it brought to the channel flow, and 
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it has been demonstrated in a numerical comparison between the cases of a fixed structure and 

an oscillating structure [19]. Therefore, more attention was attracted to exploring how to 

improve heat transfer based on this fluid-structure interaction (FSI) mechanism. Airflow 

velocity provided by fans for heat sink cooling usually covers a range from 2 m/s to 6 m/s [20]. 

A key consideration for this FSI technique is the critical velocity, which is the flow velocity 

that the flag starts flapping. The critical velocity is better to be as low as possible so that the 

heat transfer improvement can be applied in a wider velocity range [21]. There are three types 

of flag installation configurations which affect the critical velocity, and they are conventional 

flags, wall-mounted flags, and inverted flags [22]. The conventional configuration has the flag 

in line with the incoming flow, with a clamped leading edge and a free trailing edge. The 

reported heat transfer enhancement is satisfactory [23–28], but its critical velocity is quite high 

when comparing to the working velocity of heat sinks as mentioned above. In wall-mounted 

configurations, the flag is clamped on the channel wall and the flag surface is oriented 

perpendicular to the flow. This configuration causes relatively higher pressure loss than the 

conventional one due to its spanwise-likely installation [17,29–31]. 

 

The inverted configuration is a relatively new approach; it has a flag aligned with the flow but 

with a free leading edge and a clamped trailing edge. Recently, the aeroelastic instability of this 

configuration has attracted intensive interest [32–35] because an inverted flag has the lowest 

critical velocity among all configurations, and its critical velocity can be as low as about 2 m/s 

[22], which is highly preferred in the heat sink application. However, heat transfer study 

utilizing an inverted flag is limited [14,15,36,37]. A numerical study is found regarding the heat 

transfer study by using an inverted flag [36]. In that study, an immersed boundary method was 

used to analyze the vortical structure and the heat transfer induced by an inverted flag with 

various bending rigidities. It was shown that the bending rigidity affects the flag dynamics 

significantly and thus imposes a great influence on convective heat transfer. The bending 

rigidity is highly dependent on the flag thickness, but experimental study of how thickness 
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affects heat transfer is still lacking. Heat transfer studies using multiple inverted flags were also 

found [14,15,37] in the literature, and from those studies, it was suggested that a flag will come 

across different flag motions along different flow velocities, and the heat transfer performance 

is highly related to the flag motions. The flag thickness plays a critical role for the flag motion 

[9], thus in order to understand the heat transfer performance by an inverted flag configuration, 

investigation of the effect of flag thickness is essential. 

 

To summarize, a flexible vortex generator enhances the heat transfer coefficient in a heat sink, 

but the high critical velocity constrains its possibility in the application. Seeking ways to lower 

the critical velocity while keeping the heat transfer performance is needed. This paper studies 

the heat transfer performance using an inverted flag in a channel flow, which is expected to 

have a relatively lower critical velocity than other configurations. The flag thickness will affect 

the heat transfer performance, but it has not been studied experimentally. Therefore, in this 

work, our objective is to study the flag motion, heat dissipation, friction loss, and thermal-

hydraulic performance of an inverted flag configuration under different flow conditions with 

different flag thicknesses. Firstly, experiments were conducted to investigate the flag motions 

using a high-speed camera. Second, a series of experiments were carried out to analyze the 

effects of flag thickness on the heat transfer performance of the channel flow under different 

flow conditions. Finally, the numerical simulation was applied to analyze the relationship 

between the vorticity field and the heat transfer performance. Compared with other similar 

studies, the main novelty of this work is the effect of flag thickness on heat dissipation that has 

not yet been studied before. The heat transfer performance can be effectively tuned by this 

simple geometry factor. 

   
2. Experimental method 
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2.1 Experimental setup  

Fig. 1 shows the experimental setup. It consisted of a channel with dimensions of 320 mm 

(Length) × 30 mm (Width) × 50 mm (Height) made by acrylic plates with a contraction 

attached to the inlet. The inlet airflow was provided by a wind tunnel (Armfield C15-10), and 

the velocity was measured by a multi-function ventilation meter (TSI-9565-P-NB). To model 

a channel inside a heat sink, a uniformly heated copper plate with dimensions of 150 mm 

(Length) × 50 mm (Height) was embedded into one sidewall of the channel. The copper plate 

was heated by a heating plate and wrapped by black insulating foam on the back side. Four 

thermocouples were embedded inside the copper plate to monitor the temperature distribution. 

The temperature of thermocouples had been calibrated by an isothermal water circulator. A 

temperature input module (NI 9214) was used to collect the temperatures signals from the 

thermocouples and transferred the signals to a computer. A temperature controller (Digisense 

TC9100) was then used to control the temperature of the copper plate by adjusting the heating 

power, which was recorded by a power meter (RSPM 8213). Inside the channel, a cantilevered 

flexible flag, which was in the inverted configuration, was placed at the beginning of the test 

section. There were two pressure tubes in the inlet and outlet of the test section, respectively, 

for measurement of the differential pressure across the test section by a multi-function 

ventilation meter (TSI-9565-P-NB). Table 1 shows all parts and components of the 

experimental setting, including names, models and accuracies with position numbers as shown 

in Fig. 1(a) and (b).  

 

The sample flags were in the size of 15 mm × 40 mm (Length × Height). Three different 

thicknesses (r) were studied, i.e., 25 µm, 50 µm and 75 µm. The flags were made of Kapton 

film with Young’s modulus of 2.5 GPa, Poisson ratio of 0.34 and material density of 1.42×103 

kg/m3.  
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Fig. 1 Schematic diagram and image of the experimental setup. (a) Top view of the setup 

(schematic); (b) Side view of the setup. 

 

 Table 1 Components of the experimental setup. 
Number Name Model Measuring range Accuracies 

1 Wind tunnel C15-10, Armfield 0 to 34 m/s / 

2 Temperature controller TC9100, Digi-sense -200 to 1372 °C ±0.5 °C 

3 Power meter RSPM-8213, RS-PRO 0~ >6 kw 

 

± (0.1% of reading + 

0.1% of range) 

4 High speed camera VEO 410, Phantom  / 

5 Pressure meter 9565-P-NB, TSI -3735 to 3735 Pa ±1% of reading 

6 Velocity meter 9565-P-NB, TSI 1.27 to 78.7 m/s ±3% of reading 

7 Data logger 9214, National Instruments  ±0.37 °C 

8 Thermocouple K-type, Omega 0 to 260 °C ±0.37 °C 
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2.2 Experimental procedure and data analysis 

The experimental methods are succeeded from our previous work and more details can be 

referred to [38]. Before the experiment, the setup was preheated for around an hour. During the 

experiment, the temperature difference between the copper heating plate and the inlet air was 

maintained at 20 K by automatically tunning the heating plate's input power using the 

temperature controller. A test was first conducted to estimate the background heat loss. In the 

background heat loss measurement, the wind speed inside a clean channel (i.e. a channel 

without flag) was set at zero. A uniform wall temperature at 20 K above the room temperature 

was maintained on the copper plate. The power consumption of the heater under this setting 

was recorded by the power meter, and the average value was defined as the background heat 

loss. The background heat loss at steady state was recorded as 𝑄𝑄loss. Then the measurement for 

the target cases (i.e., clean channel case and cases with different inverted flags) at steady state 

under different flow velocities were repeatedly conducted.  The time-averaged heating power 

𝑄𝑄total was recorded for each test. The net heat dissipation, Qnet, is calculated as follows:  
 𝑄𝑄net = 𝑄𝑄total − 𝑄𝑄loss (1) 

The below equation obtains the Reynolds number of the channel flow: 
 Re = 𝜌𝜌𝜌𝜌in𝐷𝐷/𝜇𝜇 (2) 

where ρ is the air density, uin is the average air velocity through the channel, D is the channel’s 

width, and μ is the air dynamic viscosity. When the flow velocity was increased from 0 to 10 

m/s, the Re was increased from 0 to 20800 respectively.  

The overall Nusselt number can be calculated by  
 Nu = ℎ𝐷𝐷/𝑘𝑘 (3) 

where h is the average heat transfer coefficient, and k is the air thermal conductivity. The 

average heat transfer coefficient is determined by  
 ℎ = 𝑄𝑄net/ (𝛥𝛥𝛥𝛥lmtd𝐴𝐴total)  (4) 

where Atotal is the total heat transfer area, which is the surface area of the copper plate, ΔTlmtd is 

the log mean temperature difference between the copper plate and airflow.   
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Friction factor, f, is calculated by  
 𝑓𝑓 = 2𝛥𝛥𝛥𝛥𝛥𝛥/(𝜌𝜌𝜌𝜌𝑢𝑢in2 )   (5) 

where ΔP is the streamwise pressure difference between the channel inlet and outlet, and L is 

the channel length of the test section. The Nusselt number and friction factor augmentations 

for a given Reynolds number were calculated by the equations below, respectively. 
 Nuaug = Num/Nuc (6) 

 𝑓𝑓aug = 𝑓𝑓m /𝑓𝑓c (7) 

where the subscripts m and c represent the modified and clean channels, respectively.  

In order to consider the power consumption due to the pressure drop, the performance ratio η, 

is introduced to compare the heat transfer enhancement at constant pumping power, i.e., 

(𝛥𝛥𝛥𝛥𝑢𝑢in)m=(𝛥𝛥𝛥𝛥𝑢𝑢in)c. This performance factor is calculated as below [39,40].  
 𝜂𝜂 = Nu/Nuc∗   (8) 

where Nu𝑐𝑐∗ is the Nusselt number of the clean channel evaluated at the velocity defined by the 

same pumping power condition.  

 

During the experiment, a high-speed camera (Phantom VEO410) was used to capture the 

motion of the flag. To ensure enough contrast for identification, flag edges were painted white 

while the flag surface was painted black [22,38]. The flag motion envelope was constructed by 

superimposing the recorded high-speed video frames.  

 

The experimental uncertainty was evaluated as below [38,41]. 
 

𝛿𝛿𝛿𝛿 = �∑ �𝜕𝜕𝜕𝜕
𝜕𝜕𝑋𝑋i

𝛿𝛿𝑋𝑋i�
2

N
i �

1/2
  

 (9) 

where 𝛿𝛿𝑋𝑋i  represents the uncertainty of one independent variable. Table 1 shows the 

measurement accuracies associated with the experimental components. The uncertainties were 

3% for the Reynold number, 5% for the friction factor, and less than 2.5% for the Nusselt 

number.  

 
3. Numerical method 
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3.1 Model description 

In the current study, the heat transfer results were measured through experiments. We 

hypothesize that a small variation in flag thickness triggers great changes in the flow field, like 

the vorticity, thus impacting the heat transfer. The most direct method to capture the flow field 

shall be through experiment. However, due to the quick flapping of the flag, it is difficult to 

capture the flow field around the flag. Thus, to validate our hypothesis, we designed the 

simulation which is mainly for analyzing the flow field. 

 

In the experiment, a high-speed camera was used to investigate the flag motion and found that 

the flag was basically in 2D fluttering as shown in Section 4.1. Since the aim of the simulation 

is to examine the flow field for testing our hypothesis, and the dramatic computational resource 

demanded by 3D simulation (130k grids in 2D vs 130000k grids in 3D), 2D simulation was 

used in this study, and the 3D simulation will be left to the future work. Moreover, in the 

experiment, the flow entering into the channel was provided by a wind tunnel and was laminar. 

Since the channel was shorter than the required entrance length for turbulence to be fully 

developed, the flow may be in the laminar or transition stage, and it is difficult to find a suitable 

turbulence model for simulations to resemble the experiment. Therefore, the model employed 

in the simulation was a laminar model, and validation will be given in Section 3.2. 

 

The 2D physical model is shown in Fig. 2(a), which represents the top-view of the experimental 

setup, and the dimensions are the same as those in the experimental setting. Nonslip top and 

bottom boundary conditions were applied. A parabolic profile with an average velocity uin was 

set at the inlet, and ambient pressure Pambient was assumed at the outlet. An inverted flag was 

installed inside the channel. The governing equations for the air flow are 
 𝜕𝜕𝑢𝑢x

𝜎𝜎𝜎𝜎
+
𝜕𝜕𝑢𝑢y
𝜕𝜕𝜕𝜕

= 0 
(10) 
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𝜌𝜌 �
𝜕𝜕𝑢𝑢x
𝜕𝜕𝜕𝜕

+ 𝑢𝑢
𝜕𝜕𝑢𝑢x
𝜕𝜕𝜕𝜕

+ 𝜈𝜈
𝜕𝜕𝑢𝑢x
𝜕𝜕𝜕𝜕

� = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜇𝜇 �
𝜕𝜕2𝑢𝑢x
𝜕𝜕𝑥𝑥2

+
𝜕𝜕2𝑢𝑢x
𝜕𝜕𝑦𝑦2

� 
(11) 

 
𝜌𝜌 �

𝜕𝜕𝑢𝑢y
𝜕𝜕𝜕𝜕

+ 𝑢𝑢
𝜕𝜕𝑢𝑢y
𝜕𝜕𝜕𝜕

+ 𝜈𝜈
𝜕𝜕𝑢𝑢y
𝜕𝜕𝜕𝜕

� = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜇𝜇 �
𝜕𝜕2𝑢𝑢y
𝜕𝜕𝑥𝑥2

+
𝜕𝜕2𝑢𝑢y
𝜕𝜕𝑦𝑦2

� 
(12) 

 

⎩
⎪
⎨

⎪
⎧𝐴𝐴𝐴𝐴 𝑥𝑥 = 0, 𝑢𝑢x = 1.5𝑢𝑢in(1 − �

𝑦𝑦
0.5𝐻𝐻

�
2

), 𝑢𝑢y = 0,

𝐴𝐴𝐴𝐴 𝑥𝑥 = 𝐿𝐿, 𝑃𝑃 = 𝑃𝑃ambient
𝐴𝐴𝐴𝐴 𝑦𝑦 = −0.5𝐻𝐻, 𝑢𝑢x = 0, 𝑢𝑢y = 0 
𝐴𝐴𝐴𝐴 𝑦𝑦 = 0.5𝐻𝐻, 𝑢𝑢x = 0, 𝑢𝑢y = 0 

 

 (13) 

where 𝑢𝑢x and 𝑢𝑢y are the velocities in x and y-direction, respectively, H is the channel width, 

and P is the air pressure. All air properties were set as the same as those in the experiments. 

 

Based on Newton’s second law of motion, the oscillation of the two-dimensional flag can be 

described as, 
 

(𝜆𝜆 + 𝜇𝜇𝑠𝑠)𝛻𝛻(𝛻𝛻 ⋅ 𝑠𝑠) + 𝜇𝜇𝑠𝑠𝛥𝛥𝑠𝑠 = 𝜌𝜌𝑠𝑠
𝜕𝜕2𝑠𝑠
𝜕𝜕𝑡𝑡2

 
(14) 

where 𝑠𝑠 = �𝑠𝑠x, 𝑠𝑠y�
𝑇𝑇
 is the displacement, 𝜌𝜌s  is the flag density, 𝜆𝜆   and 𝜇𝜇s  are Lame constants, 

which are linked to Young’s modulus E and Poisson’s ratio ν by 
 𝜆𝜆 =

νE
(1 + 𝜈𝜈)(1− 2𝜈𝜈)

 (15) 

 𝜇𝜇s =
𝐸𝐸

2(1 + 𝜈𝜈)
 (16) 

All the flag material properties are the same as those in experiments. The continuous boundary 

conditions on the flag surface is as below. 
 

�  𝜈𝜈��⃗ =
𝜕𝜕𝑠𝑠
𝜕𝜕𝜕𝜕

         

  𝜎𝜎����⃗ ⋅ 𝑛𝑛�⃗ = 𝛤⃗𝛤 ⋅ 𝑛𝑛�⃗
 

(17) 

where 𝜎⃗𝜎 is the stress tensor in the solid and 𝛤⃗𝛤 is the stress tensor in the fluid with 𝑢𝑢�⃗ = �𝑢𝑢x, 𝑢𝑢y�
𝑇𝑇
. 

 
𝜎⃗𝜎 = 𝜇𝜇𝑠𝑠[(𝛻𝛻𝑠𝑠)𝑇𝑇 + 𝛻𝛻𝑠𝑠] +

𝜆𝜆
2
𝑡𝑡𝑡𝑡[(𝛻𝛻𝑠𝑠)𝑇𝑇 + 𝛻𝛻𝑠𝑠]𝐼𝐼 

(18) 

 𝛤⃗𝛤 = −𝑃𝑃𝐼𝐼 + 𝜇𝜇[(𝛻𝛻𝑢𝑢�⃗ )𝑇𝑇 + 𝛻𝛻𝑢𝑢�⃗ ] −
2
3
𝜇𝜇(𝛻𝛻 ⋅ 𝑢𝑢�⃗ )𝐼𝐼 (19) 
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Here tr is the tensor trace, and 𝐼𝐼 is the unity tensor. 

 

COMSOL Multiphysics was used to solve the above governing equations. The Arbitrary 

Lagrangian-Eulerian method in COMSOL enables the automated bidirectional coupling of 

fluid flow and structural deformation.  

 

3.2 Model validation and grid-independence study 

To verify the numerical model, the benchmark case of Turek and Hron [42] was calculated, and 

compared with others [42,43]. In the case, an elastic beam was attached to a fixed cylinder 

inside a channel, as shown in Fig. 2(b). Nonslip conditions were defined at the top and bottom 

boundaries, while a parabolic velocity profile was set at the inlet. The flow Reynolds number 

was 100, and the ratio of the structure to fluid densities was 𝜌𝜌𝑠𝑠 ∕ 𝜌𝜌𝑓𝑓 = 10. The dimensionless 

Young’s Modulus was  𝐸𝐸∗ = 𝐸𝐸 ∕ 𝜌𝜌𝑓𝑓𝑢𝑢in2 = 1400.  

 

Fig. 2(c) shows the calculation of the beam tip's horizontal and vertical displacements at 

different times. After a 6s transient state, the beam exhibited harmonic oscillations with 

constant frequency and amplitude. The mean position, amplitude, and frequency of oscillation 

in both x and y directions are compared with results in the literature [42,43], as shown in Fig. 

2(d). Good agreements were found. 

 

A grid-independence study was performed. Four different grids were used to solve our target 

problem, which was described in Fig. 2(a). The mean velocity was defined as 4 m/s, and the 

flag thickness was 25 µm. The channel wall vorticity was used for grid analysis. The result of 

grid-independence study is shown in Fig. 2(e).  Grid 4, as shown in Fig. 2(f), was chosen in 

this work to save computational resources while maintaining good accuracy. Specifically, the 

airflow domain was discretized with 120254 triangular cells and 7434 quadrilateral cells. The 
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mesh was refined at channel wall boundaries and the fluid-structure interface. The flag domain 

consisted of 3160 triangular cells.  

 

The numerical results were also compared with the experimental results as shown in Fig. 2(g-

i). Fig. 2(g) shows the flag tip displacement from the numerical case of r = 75 µm in the average 

velocity of 6.5 m/s, and the numerical flag amplitude was taken from the y displacement. Fig. 

2(h) shows the corresponding experimental flag flapping envelop, and the experimental flag 

flapping amplitude was measured as shown in the figure. Fig. 2(i) shows the comparison of the 

numerical results and the experimental results for the cases that flags were undergoing the 

critical transition. The results of the critical velocity, the flag flapping frequency, and the flag 

amplitude between simulations and experiments agree very well.  
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Fig. 2. Details of the numerical model. (a) Physical model of an inverted flag in the channel 

flow; Model validation parts including (b) Computational domain for the validation case, (c) 

Horizontal and vertical displacement for the validation case, and (d) Model validation results; 

Model grid-independent study including (e) The comparison of different grids results, (f) The 

grid used in the simulation (only the former part that has the flag is shown). (g) Numerical 

result showing the flag tip displacement versus time, (h) Experimental result showing the flag 

flapping envelop, (i) Comparison between simulation and experiment regarding the flag motion. 

 

 

 
4. Results and Discussion 

4.1 Effects on flapping dynamics 

A high-speed camera was used to study the motion of the inverted flag installed in the channel 

as described in Section 2.1. It was found that the motion can be classified into three typical 

modes, as shown in Fig. 3(a): (1) the straight mode when the flag keeps its original shape and 

stays static; (2) the flapping mode when the flag flaps; and (3) the deflected mode when the 

flag is forced to turn to one side. The motion modes of an inverted flag are related to the channel 

velocity and the flag thickness. As shown in Fig. 3(b), when the velocity increases, generally, 

an inverted flag exhibits the straight mode, flapping mode, and finally deflected mode in 

sequence. The flags with thickness of r = 25 µm and that of r = 50 µm exhibit all three modes 

as the flow velocity increases from 0 to 10 m/s, while the flag with r = 75 µm only exhibits 

two modes up to 10 m/s. In the deflected mode, the r=25 µm flag flaps again due to its high 

flexibility, when the velocity is large enough. Fig. 3(b) clearly shows that under the same 

channel velocity, flags with different thicknesses perform different motions, indicating that the 

flag thickness strongly affects the flag motion.  
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The transition from the straight mode to the flapping mode is the most important phenomenon 

to be studied, and it happens at a lower velocity for a thinner flag. The transition velocity is 

generally named the critical velocity. The critical velocities are about 1.5 m/s, 4 m/s, 6.5 m/s 

for r=25 µm, r=50 µm, r=75 µm flags, respectively. It is reasonable for a thinner flag having a 

lower critical velocity because the flag thickness is related to the bending rigidity, i.e., a thicker 

flag has a higher bending rigidity, and requires more flow power to induce enough disturbance 

for oscillation. Compared with flags in the same size under the conventional configuration, of 

which critical velocities are normally beyond 10 m/s, the r = 25 µm inverted flag achieved the 

lowest critical velocity of about 1.5 m/s, indicating its potential advantages as a vortex 

generator in the heat sink application, where a low working velocity is preferred.  
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Fig. 3. Details of flag motion. (a) Three typical flag motion modes; (b) Flag mode 

development as a function of increasing airflow velocity for r = 25 µm flag, r = 50 µm flag, 

and r = 75 µm flag. 

 

4.2 Effects on flow friction 

Fig. 4(a) shows the results of pressure drop for different cases. The pressure drop of the clean 

channel case slowly increases with the Reynolds number. For the other three cases (with flags), 

the pressure drops of the channel are similar to the clean channel case in the low-Re regime 

(Re < 5000), where the flags have not flapped. When the flags start flapping, the pressure drops 

increase with a significantly larger slope than that in the clean channel case. As flow velocity 

increases, their pressure drops increase. For the channel with 50 µm flag, a jump of pressure 

drop was observed at the transition from the straight to flapping modes, and then the rate of 

increase of pressure drop changed at the transition from the flapping to deflected modes. The 

jump of pressure drop at the straight-flapping transition was more prominent for the case of 75 

µm flag, while it is less obvious for the case of 25 µm flag. So, the increase in pressure drop at 

the mode transition is highly related to the flag thickness. 

 

The results of pressure drop can be reinterpreted into a dimensionless parameter as the friction 

factor. Fig. 4(b) shows the results of friction factors for different cases. For the clean channel 

case, the friction factor slowly decreases as the Reynolds number increases. For the cases with 

flags, the highest friction factor for each case happens at the transition from the straight mode 

to the flapping mode. An increase of friction factor at the second transition from the flapping 

mode to the deflected mode can be observed through the case of r = 50 µm flag.  

 

Fig. 4(c) summarizes the friction factor augmentation against the Reynolds number for the 

cases with flags. The largest increase in friction factor for each case happens at the straight-
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flapping mode transition. The r=25 µm flag has the lowest critical velocity and induces the 

lowest friction augmentation, while for a thicker flag, a higher critical velocity and a larger 

friction augmentation are obtained.  
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Fig. 4. Effects of flag thickness on flow friction. (a) Pressure drop; (b) friction factor; (c) 
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friction augmentation with the increase in Re 

 

4.3 Effects on heat transfer and thermal-hydraulic performance 

Fig. 5(a) shows the relationship between the Nusselt number and the Reynolds number for 

different cases. For the clean channel case, the Nusselt number monotonically increases with 

the Reynolds number. For the other three cases with flags, before the straight-flapping mode 

transition, the Nusselt number was slightly higher than that of the clean channel, because even 

when the flags have not yet flapped, they have already worked as rigid vortex generators, thus 

enhanced the heat transfer.  

 

As the Reynolds number increases, the Nusselt numbers for the cases with flags have a large 

jump during the straight-flapping mode transition, resulting in a significant enhancement of 

heat dissipation compared with the clean channel case. When the Reynolds number goes higher, 

until in the flapping-deflected mode transition, as illustrated by the r = 50 µm flag case 

(Re=17000), the Nusselt number drops a bit and increases again, but still larger than that of the 

clean channel case. It is because the flag in deflected mode, no matter flapping or not, acts like 

a vortex generator in the channel, thus, the channel with the deflected flag can still have a 

higher heat dissipation effect than the clean channel. 

 

Fig. 5(b) shows the plot of Nusselt number augmentation for the cases with flags. The peak 

values appear at the straight-flapping mode transition. The highest Nusselt number 

augmentations for the cases with r = 25 µm, 50 µm and 75 µm flags are 1.68, 2.02, and 1.84, 

respectively. It suggests that if the hydraulic loss is not considered, the case with the r=50 µm 

flag achieves the highest heat transfer enhancement among all cases, and the enhancement is 

obtained around the flag critical velocity. After the first mode transition, the augmented heat 

dissipation effect for all the cases gradually decreases with the Reynolds number.  
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In order to consider the hydraulic loss, Fig. 5(c) shows the performance ratio η as defined in 

Eq. (8) for the three cases with flags. Generally, when flags have not yet flapped, η is less than 

1, which means that the induced friction overrides the heat transfer enhancement brought by 

the straight-mode flag. The peak η for all the cases happens at around the straight-flapping 

mode transition, which means that the best performance occurs when flags start flapping. At 

that moment, the channel Nusselt number has a huge jump while the channel friction increases 

moderately. After the peak, as the Reynolds number increases, η decreases because of the 

gradual increase of friction and the great decrease of heat transfer enhancement, which is due 

to the thinned thermal boundary layer between the heating copper plate and the ambient airflow. 

Detailed analysis was presented in the next section.  In this study, the maximum η is 1.16 for 

the case with the r = 25 µm flag, which happens at around Re = 3500.  It is noted that in our 

previous work [38], the flag of the same thickness (25 µm) in conventional configuration does 

not flap at low wind speed until reaching its critical velocity at 7 m/s, while a significant heat 

transfer enhancement can be achieved by the inverted flag in this work in wind speed as low 

as 1.5 m/s. Therefore, this inverted configuration is suggested to be used for the low-speed 

regime and the conventional configuration is preferred for the high-speed regime.   
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Fig. 5. Effect of flag thickness on heat transfer. (a) Average Nusselt number, (b) Nu 

augmentation and (c) Performance ratio. 
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4.4 Numerical study of flag motion-related vorticity and its effect on heat transfer  

The experimental results presented in previous sections indicate that the channel heat transfer 

enhancement is highly related to the flag motion modes and the flag thickness. To better 

understand the mechanism, the vorticity fields for the four cases (i.e., clean channel case, and 

three cases with flags of different thicknesses) at different Reynolds numbers were investigated 

by simulation, as shown in Fig. 6.  

 

Fig. 6(a) shows the vorticity fields of different cases at Re = 8300. For r = 25, 50 and 75 µm, 

the flags are at the deflected mode, flapping mode and straight mode respectively. The vorticity 

fields are nearly constant with time for the case of r = 75 µm flag and for the clean channel 

case. For the cases of r = 25 µm and r = 50 µm flags, the vorticity fields are time-varying, and 

the eddies are propagating downstream, while the r = 50 µm flag induces more and stronger 

vortices than the r = 25 µm one. Since the heat transfer increases significantly when the fluid 

vortex approaches the wall [44], the vorticity on the channel wall was thus extracted and 

summarized in Fig. 6(b-d). When Re = 8300 (Fig. 6c), for the channel with the r = 50 µm flag, 

which is at the flapping mode, its vorticity enhancing effect is the strongest around where the 

flag is installed, while for the rest of the channel wall, the vorticity enhancement is not obvious. 

Under the same Re, the wall vorticity for the cases of r = 25 µm and r = 75 µm is limited, at 

which they are in deflected flag mode and straight flag mode, respectively. For the other two 

flow conditions, when Re = 3130 (Fig. 6b) and Re = 14600 (Fig. 6d), similar results were found. 

At Re = 3130, the r = 25 µm flag is in the flapping mode, and it has the highest vorticity around 

the flag position, while the vorticities for the cases of other flag thicknesses are very small. At 

Re = 14600, the vorticity of the case of r = 75 µm which is in flapping flag mode, is much 

higher than the others. Therefore, it is concluded that flags in the flapping mode generate the 

largest vorticity around the flag position compared with flags in other modes. 

 

The average vorticity, which is averaged in one period of cycle and then averaged along the 
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channel wall, is also extracted and summarized in Fig. 6(e). For different Reynolds numbers, 

the four cases show different average vorticities. When the straight-flapping mode transition 

happens, the channel vorticity has a strong enhancement. On the other hand, the magnitude of 

the average vorticity has an obvious drop when the flag undergoes the flapping-deflected 

transition. Both observations are consistent with the experimental results about the effects on 

heat transfer and thermal-hydraulic performance as discussed in Section 4.3. By comparing Fig. 

6(e) with Fig. 5(a), their overall trends are very similar, especially for the regime at Re < 15000. 

This suggests that the vorticity enhancement is highly related to the heat transfer enhancement 

at the low-Re regime. When Re increases (e.g. Re > 15000), the thermal boundary layer 

becomes thinner, and the effect of vorticity enhancement on heat transfer enhancement is less 

significant at high-Re regime.  
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Fig. 6. Flag motion-related vorticity and its effect on heat transfer. (a) Comparison of visual 

vorticity field for different flags at Re = 8300; (b) Comparison of wall vorticity for different 

flags at Re = 8300; (c) Comparison of wall vorticity for different flags at Re = 3130; (d) 
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Comparison of wall vorticity for different flags at Re = 14600; (e) Comparison of average 

vorticity for different flags at different Re. 

 
5. Concluding Remarks 

In this work, the inverted flag motion, the Nusselt number, the friction factor, and the thermal-

hydraulic performance of a channel flow with an inverted flag were examined with different 

flag thicknesses and flow Reynolds numbers. Three different motion modes are identified: 

straight, flapping, and deflected modes. The flapping motion of the flag yields the increase in 

flow friction, and the highest flow friction occurs at the straight-flapping mode transition. The 

Nu augmentation achieves as high as 200% compared with the clean channel. The numerical 

simulation shows the high dependence of the flag motion on the wall vorticity. The largest 

vorticity was observed under the flapping mode, leading to the highest heat dissipation effect 

compared with other two modes. The enhancement of thermal-hydraulic performance is 16% 

and appears at the straight-flapping mode transition for the thinnest flag with a thickness of 25 

µm. Besides, the critical velocity is as low as 1.5 m/s, which is far lower to the conventional 

flag. Therefore, the high potential in enhancing the heat dissipation performance by inserting 

inverted flags into heat sinks was realized in this work, including lower critical velocity and 

superior heat transfer performance.   
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