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Publishingjo-inspired Self-agitator for Convective Heat Transfer Enhancement
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Convective heat transfer plays an important role in %fu amental research and the
development of high-performance heat exchangers. Inspired bm"es of grass vibrating in the
wind, we developed a self-agitator for convective heat t sfebenhancement. Because of fluid-
structure interactions, the agitator, with self-sustaine Vilf—‘r)tion, can generate strong vortices to
significantly break the thermal boundary lay: w ve fluid mixing for enhanced convective
heat transfer. In particular, we establish a“methodalogy to link the vorticity field at a preferred
frequency to the optimal improvement 1 h cenvective heat transfer. To identify the self-agitator
preferred frequency, mode an ysis\sg rmed with simulation results using dynamic mode
decomposition. Experimental results‘are also obtained to further validate the proposed approach.
These results show th tls’g@ed self-agitator design can improve the convective heat transfer
by 120% in a co‘n)/eléé\lhﬂat exchanger without additional pumping power requirements and

can achieve a usjelt ber of up to 30 within the laminar flow region, which is improved by

200% wit th?/sa Reynolds number compared with the clean channel.

e

uthomi) correspondence should be addressed. Electronic addresses: ChenCL@Missouri.edu Tel: 001-573-882-9037 and
HuangG @Missouri.edu

thors c%tributed equally to this work


http://dx.doi.org/10.1063/1.5046502

! I P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.

Publishing 1. Introduction

As the need for highly efficient convective heat transfer rates for electronic component cooling
and power generation continues to grow, bio-inspired vortex generation with fluid-structure
interaction (FSI)[1]-[7] has been highlighted as a promising met}K improve the overall

convective heat transfer without additional pumping power require@t is based on the notion

that ages of biological evolution could provide effective i sp')r%ckfor the design of useful
ng1

T—
technologies. Examples of FSI in nature, such as grass vibrati wind or birds flying, show that
used to

the FSI process can generate fluid vortices which caQbe mprove fluid mixing. Therefore,
bio-inspired designs can be developed to imprové%ﬁ;)e heat transfer based on the enhanced
mixing processes. Two categories of FSI %Q nd the driving force of structural vibration
distinguishes them; an active one with ext \aIB'o'wer and a passive one without external power
requirement. Active FSI vortex ge rat&%\ﬂﬂaeen employed to enhance heat transfer in various
applications [8]-[11]. These c .'&ﬁe to current heat exchangers where their oscillating
frequencies directly affect.the h\perfomance. However, they require an additional power

supply system to dri @tural oscillation, limiting the range of practical applications.
Y.
or

Passive FSI VOI‘tC}/ ene sdor heat transfer enhancement [12]-[16] have also been investigated.
However, a métho icoX@rove the vortex field has not yet been identified. This article focuses on

passive eth(}is ere we develop a bio-inspired self-agitator for convective heat transfer

£
enhanfement and explore the principles underlying its performance.

o5}

rrently, nge of methods exist for achieving convective heat transfer enhancement, such as

ffsetsstrip fins, T-mixers, Dean flow in curved pipes and stationary vortex generators. In general,
~

they all create vortices to enhance mixing for convective heat transfer enhancement. For various

designs, transverse or longitudinal vortices can be generated for heat transfer enhancement [17]-
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Publishij2g|. Compared with a stationary vortex generator, the FSI process has been shown to achieve
better performance [29]. Thermal performance is maximized when large modulations are created
at the boundary layer of the heat transfer surface while avoiding the creation of strong vortices in
other regions [30]. Though many methods exist to introduce vortices fo(V(eat transfer enhancement,
what type of vortices provides the best performance is still unclear, 3
In this work, we first investigate the fundamental relation beth' ity modes and thermal
performance. To explore this, dynamic mode decompositio‘ri QD}B 1]-[33] is performed with
the transient numerical results in the vorticity field. bsequ"ntly, various modes with fixed
frequencies can be achieved. Then the vorticity od&ntroﬁuced by the structural motions can be

-
distinguished by matching the frequency of tW-ty mode to that of the structural motion.

Several other modes (including the dom%exist concurrently with frequencies different
int

from that of the structural motion. An s sting phenomenon is that the first and second
fluid modes’ frequencies do no c% ificantly for different self-agitator conditions for a
specific geometry for heat trans\TﬂS indicates that the heat exchanger has its “preferred”
frequencies for the vortic @jn convective heat transfer enhancement. It is well accepted that

vortices near the‘y a(y v?'t different frequencies can break the thermal boundary layer to

how to refie theworticity field for further improving convective heat transfer. From the analysis

improve conv{w)e\h transfer. However, no direct guidance has been achieved before to reveal
£
I

part ofithis ,Abe find that synchronizing the preferred frequency to the structural motion can
improveiconvective heat transfer. This conclusion is used to guide the experimental structural
design, a}d the experimental results demonstrate that the self-agitator can improve the thermal

\e(‘fo?mance significantly. We choose a commercially available plate fin heat exchanger (6.6mm

gap, 22.0mm height, and 120.0mm length.) as an example to test the self-agitator performance.
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Publishimie experimental results demonstrate that heat transfer can be enhanced by 120% without
additional pumping power requirements compared with the clean channel while achieving a

Nusselt number of up to 30 within the laminar flow region by matching to the preferred frequency.

2. Results /\
Test structure and measurements. \&

Hot air

4 N
Figure 1. E?érim al/getups: 150 CFM Chamber, Airflow Measurement Systems is

employed to o'\hye cooling air. Details for the experiment setups can be found in our previous

tifin-film rial is attached to a heat exchanger with a specially designed shape as shown in

As airflow is introduced, FSI causes the structure to vibrate, generating vortices that will

rove the overall heat transfer rates in the channels of the heat sink. The enhanced heat sink

performance with self-agitators is measured in terms of increased rejected heat over a range of
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Publishifigyv rates compared to the baseline flow in the absence of the self-agitators.
Dynamics of self-agitator.
To guide the prototype design, numerical investigations are performed to study the dynamics

of the self-agitator. Verification of the numerical tools for solving fluid structure interaction and

heat transfer problems has been reported in our recent papers [29]Q
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Figure 2 erical results and modal analysis: (a) 2-D assumption is applied to simplify the
o
FSI process of the self-agitator; (b) To evaluate the structural oscillation frequency, Fourier
ﬁﬁslys 1s performed on the maximum displacement of the self-agitator; (c) A series of snapshots
.

of'the transient vorticity fields are used for DMD analysis. Only the first few low-frequency modes

are included here.
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Publishing First, numerical simulations are performed with the same geometry as the experimental setups:
the height and length of the channel is 6.6 mm and 120 mm, respectively. The initial inclined angle
a of self-agitator is 45°, which is motivated by other groups’ results [38]. The Young’s Modulus of
the self agitator is 2.5 GPa and the density (po) is 1420 kg/m>; these préperties are obtained from

commercially available Kapton film. The inlet velocity is 4 m/s and the tures Twan and Tin

are 308 K and 298 K, respectively. \

This FSI problem is solved numerically and the Fouri:c_: ?}Kis-for the structural motion is

shown in Fig 2 (b). Transient results of vorticity fields arggloyed to perform the modal analysis

with DMD. The two dominant frequencies are fi u((d;w b‘e)352 Hz and 704 Hz. Fig. 2(c) shows

one snapshot of the vorticity fields in the r% ;.s—tream of the surface agitator and the

corresponding modes obtained from mod: is. A vortex street exists through the channel as
A\am

shown with instantaneous vorticity co Burf it can be decomposed into various modes with

N
DMD while each mode has im ac&bb& ole channel. In our previous work [29], it has been

demonstrated that the thermal p(%&nce relates to the steady modes (not time dependent)
directly. However, no raﬁve been made to refine the steady mode for better thermal
performance. In thi iole, V}e xplore to create resonance between flow and structure modes to
improve the t@ formance. Besides the steady mode, the first and second unsteady modes

different.f; ¢ structure ones. These can be the targeted frequencies to resonate with the

(172 Hz and 24, _Hz) play the important roles in the vorticity field and their frequencies are
structure, for }otaining heat transfer enhancement. The third and fourth modes (355 Hz and 721
H ave}requencies similar to the structural motions. Therefore, they could be introduced by the

}ti&t of the structure. Assuming the dominant flow modes do not change in different FSI

processes, we need to decrease the structural resonance frequencies by 24% to reach 271 Hz or by
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Publishisis to meet 172 Hz, so that the structure can resonate with the dominant flow modes.
Modal analysis and preferred frequency.
To decrease the structure’s resonant frequency, eigenfrequencies of the self-agitator are

analyzed for different structure densities as shown in Figure 3(a), whefe the original density, po,

for the structure is 1420 kg/m®. The eigenfrequency of the original eﬁwgitator 1s 300 Hz,
which is very close to the condition found in the FSI process. Therefore;the eigenfrequencies for
different densities can provide guidance for obtaining the fi )cftreture’s resonant frequency in

ﬁ
FSI process. As shown in Fig. 3, multiplication factors (@1(1 4.0 times the original density

-

can decrease the resonant frequencies by 24% ,an o,yrespectively, to achieve a structural
] -

resonance with dominant flow modes in FSI.\\
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Publishing Figure 3. Results comparison for different densities. (a) Eigenfrequencies changing with
density are performed for self-agitator with time averaged shape in FSI simulation; (b) Fourier
analysis for different density self-agitators. The results show that with designed densities, the
desired frequencies are achieved; (c) DMD results for 1.7po conditiog,/ the mode with 287Hz is
enhanced; (d) DMD results for 4.0po condition, the mode with 1 H%s enhanced; (e) With the
designed densities, the thermal performance can be improved comparingwyith the original one.

Two FSI cases are solved numerically with 1.7po and 4£ Qiﬂ'o-the other parameters are the
same as the original density case. Fourier analysis of the %@ motions are shown in Fig. 3 (b),
where it is shown that a higher density results 1 a(cmrer Tssonant frequency. The multiplication
factors of 1.7po and 4.0po can decrease the strueture ;ncy by 23% and 49% compared to the
original density condition, which fulfills %ﬁt in last section. Fig. 3(c) shows one snapshot
of the vorticity fields in the region dow ﬁ'et}m 10 he surface agitator and the corresponding modes
from modal analysis for the 1.7p cc&c\&ic{ esides the steady mode, the first and second unsteady
modes (181 Hz and 287 Hz) pla\edominant roles in the flow fields. The second mode is
enhanced because its fre(&%Q close to the resonant frequency of the structure. Therefore, with

the refined 1.7po, t % /m de is enhanced as we expected. Fig. 3(d) shows one snapshot of

the vorticity field iwgion downstream of the self-agitator and the corresponding modes from

modal analysis fet the 4.0po condition. The dominant unsteady modes have frequencies of 183 Hz

e fléw mode at 186 Hz is enhanced significantly as previously expected. Therefore,
enhanc the)targeted mode by adjusting the structure’s density is promising. After adjusting the
st ture)esign, the results are shown in Fig. 3(c) and (d). In contrast to the original design in Fig.

},‘the enhanced modes (highlighted in Fig. 3(c) and (d)) show better vorticity preservation

through the channel, even though the vortices still decay in the streamwise direction. To evaluate
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Publishithg performance of the refined self-agitators, rejected heat rates are compared for the different
conditions as shown in Fig. 3(e). For the original density condition, the averaged rejected heat is
634 W/m? with 198 Pa of pressure loss. For the 1.7po case, the average rejected heat is increased
to 687 W/m? and the pressure loss is decreased to 175 Pa. With 4.0pofthe average rejected heat
increases to 698 W/m? while the pressure loss changes to 203 Pa. Cg‘npar with the original
density condition, heat transfer performance is improved with sw rs of redefined density.
These results agree well with our previous work[29] by coﬂril ?1@1;-1% steady modes in different
cases in Figures 2 and 3. In the highest-performance casg, the}teady mode of vorticity has the

L -
effective breaking of the thermal boundary layer. refore, matching the structural resonant

most discrete patterns compared to the steady ‘R&T:m’i other cases, which indicates more
frequencies with the first few dominant wemodes can improve the thermal performance of the
self-agitator. First dominant mode WI}Q are preferred for convective heat transfer
enhancement. Currently, the freq&&’ s ‘of the first dominant modes for different density
conditions are quite close to eeNr about 180 Hz). Therefore, one existing heat exchanger
with a given geometry its\ptjferred frequency of vorticity field. These results can guide the

4

future design of s?— itafors.
Self-agitator m}ﬂqKand thermal performance.

As we previously discussed, the designed heatsink with certain channel gap has a preferred

£
frequency, th€ 2-D study and it is reasonable to hypothesize that a 3-D case has similar
behayior, To balidate the performance of the optimized self-agitator with the preferred frequency,
W esighed a rectangular self-agitator using 0.025 mm thickness Kapton film. Here the resonant

?]u?ncy of Kapton film based self-agitator is designed to be close to the predicted channel

preferred frequency in the simulation (about 180 Hz). To investigate the vibration characteristics
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Publishisfthe self-agitator in the channel we use a high-speed camera to monitor the motion of the self-
agitator as shown in Fig.1 (experimental setup), which has been built and verified in our lab[34]—
[37]. As the channel height is 21.8mm, we placed two rectangular self-agitators as a pair to
generate stronger vortices. The vibration characteristics of the designed self-agitators are shown
in Fig. 4 (a), while the results show that the self-agitator near the tQp and near bottom vibrate with
the same frequency but in different phases. Fig. 4 (b) (Multimedta, view) shows the motion for
rectangular shape self-agitator; the slow motion results indicatg that<the two self-agitators in one
row have the out of phase phenomenon[39]-[41], which'ean reduce the pressure drop of the self-

agitator.
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Figure 4. Self-agitator motions. (a) Two self-agitators are set in one row and they are moving out-

of-phase. Fourier analysis is performed with vibration amplitude. (b) (Multimedia view) Out-of-
phase motions of self-agitators in one period are presented.

10
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Publishing The thermal tests were conducted for clean channel, rectangular shaped self-agitators and a
rigid longitudinal vortex generator (LVG), which can be viewed as state of the art[17], [19], [23],
[27], [28], [30], [42]-[46], to evaluate the thermal performance. As shown in Fig. 5, under the
same conditions, the overall Nusselt number for the self-agitators is sigza‘{ﬁcantly higher than those
with the LVGs and clean channel cases. The Nusselt number (Nu) nd~96yno s number (Re) are
widely used to evaluate the performance of convective heat tran‘s}b\( s shown in Fig. 5 (a),

the self-agitator can improve the Nu by 200% at the same Re. Fig’ S(b).shows that the self-agitator

—-—

can enhance the heat transfer coefficient by 120% at the Same p§mping power compared with the
clean channel. The experimental results above 1 di(a@ th’a) the thin-film based self-agitator can
{ -

obtain better heat transfer performance than“the LVG, which also proves that a self-agitator

oscillating at the channel’s preferred freq%;n‘enhance the heat transfer performance of the

heatsink. \ N
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Publishing 3. Discussions

This article includes a self-agitator design to improve convective heat transfer and explores the
fundamental relationship between heat transfer and vorticity field, which has never been discussed
before. From modal analysis of the transient vorticity fields, the dé' nt modes and modes
introduced by the self-agitator motions can be distinguished. Matchi }e frequency of structural
motion to the dominant mode can create resonance to enhapCe“the fluid mixing. These findings
show that the FSI process of the self-agitator can improvefthe.convgctive heat transfer significantly
and that further enhancement can be achieved by appro in? the preferred frequency of the
vorticity field. The self-agitators were fabricate&xtp‘a'imentally tested for convective heat
transfer enhancement. Self-agitator oscilla(c){ t the preferred frequency is achieved and

experimental results demonstrate that th \heattransfer can be enhanced by 120% without

additional pumping power requirements me*the Nusselt number can be improved by 200% with
X

the same Reynolds number cod\\\ih‘che clean channel.
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PublishiRE:URE CAPTIONS:
Figure 1. Experimental setups: 150 CFM Chamber, Airflow Measurement Systems is employed
to provide cooling air. Details for the experiment setups can be found in our previous works[34]—
[37] and Supplementary Material. /
Figure 2. Numerical results and modal analysis: (a) 2-D assumpti isé)plkﬁo simplify the FSI
process of the self-agitator; (b) To evaluate the structural oscillatw ncy, Fourier analysis is

performed on the maximum displacement of the self-agitator (c)“A«series of snapshots of the
-

transient vorticity fields are used for DMD analysis. Only the ﬁ}st few low-frequency modes are

included here. L ‘)

| -
Figure 3. Results comparison for different defftiw Eigenfrequencies changing with density

are performed for self-agitator with time\v«ag_\shape in FSI simulation; (b) Fourier analysis
Its

for different density self-agitators. T ﬁ'eﬁu\ how that with designed densities, the desired
frequencies are achieved; (c) DMD&%I{ r 1.7po condition, the mode with 287Hz is enhanced;
(d) DMD results for 4.0po conditl\t% mode with 186Hz is enhanced; (e) With the designed
densities, the thermal pefformanée can be improved comparing with the original one.

Figure 4. Self-agi?(%&s. a) Two self-agitators are set in one row and they are moving out-

of-phase. Fourier analysis is performed with vibration amplitude. (b) Out-of-phase motions of self-

X

agitators infone period are presented.
£
Figures.Re ltsxfomparison. (a) Nu-Re, Two row of self-agitator can achieve better performance

of four rows & LVGs. (b) Pumping power is calculated with pressure loss multiply velocity.

)
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