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The flow and heat transfer characteristics of distilled water in a minichannel heat sink (MCHS) fitted
with twisted tapes under laminar flow are investigated experimentally in present study. Nine twisted
tapes with lengths of Ly =50 mm, 100 mm and 150 mm, and twist ratios of Y = 3, 4, and 5 are em-
ployed as inserts. The results show that average heat transfer coefficient (hae), pressure drop per unit
length (AR, ) and thermal enhancement factor (#) increase with the decrease in twist ratio or/and the
increase in twisted tape length. The heat transfer enhancement factor (haye/haveo, Where subscript 0 de-
notes plain MCHS) and the pressure drop increasing factor (AP, /APy ) are in the ranges of 1.29-2.49
and 1.68-4.72, respectively. The average values of n for each MCHS with twisted tape are in a range
of 1.09-1.46. The full-length (L = 150 mm) twisted tape with Y = 3 yields the best heat transfer rate,
the highest flow resistance and the best overall thermal performance compared to other eight twisted
tapes. In addition, the empirical correlations for hae and AP, are developed based on the experimental
results. The predicted hae and AP, are within £5% and +6% deviation, respectively, compared to the

experimental data.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

To pursue smaller and more lightweight packaging, the minia-
turization of modern electronic and power components is in-
evitable, leading to rapid increase in heat dissipation during
these components working. This is driving the development of
more effective cooling solutions to maintain acceptable compo-
nent temperature and preserve component reliability [1]. A widely
and promisingly adopted solution is to use single-phase mi-
cro/minichannel heat sinks due to its advantages of high heat
dissipation efficiency, compact structure, low power consumption
and low coolant consumption [2,3]. Thus, more and more re-
searchers have studied the techniques of heat transfer enhance-
ment in single-phase micro/minichannel heat sink to further en-
hance its cooling capacity. In these researches, the passive tech-
niques of heat transfer enhancement are widely studied by re-
searchers because these techniques do not require extra power
compared to active heat transfer technique.

Among the passive techniques, using enhanced working fluid
in microchannel heat sinks have attracted more and more atten-
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tion in the recent years due to this solution without changing the
heat sink structure. Nanofluid is a kind of enhanced working fluid
containing nanoparticles made of high thermal conductivity ma-
terial (e.g. metal, metal oxides and carbon). A number of investi-
gators, such as Ding et al. [4], Xu et al. [5], and Saeed et al. [6],
have found that the heat transfer performance were improved us-
ing nanofluid in mini/microchannel heat sinks. However, Rimbault
et al. [7] reported that CuO-water nanofluid with 0.24 vol% and
1.03 vol% concentration yielded a slight heat transfer enhancement
in a microchannel heat sink, but the nanofluid with 4.5 vol% con-
centration deteriorated heat transfer performance. This is possi-
bly because the nanofluid with high concentration produces ob-
viously clustering of nanoparticles, thereby resulting in deposition
of nanoparticles in the microchannel, even blockage of the mi-
crochannel in severe cases. This also implies that the nanofluid
is not suitable for heat transfer enhancement in the microchannel
heat sink from the viewpoint of practical application [8].

Using the improved channel structure is also an important way
in passive techniques of heat transfer enhancement. Improving mi-
cro/minichannel structure in the heat sink renders the fluid flow
field and temperature field to change, thereby enhancing the heat
transfer performance. Khoshvaght-Aliabadi et al. [9] found that
this solution was more effective than using the nanofluid from
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Nomenclature

A cross-sectional area of flow channel

Achs cross-sectional area of total minichannels

At top planform area of heat sink

Cp specific heat at constant pressure

Dy hydraulic diameter of minichannel

Dhsp hydraulic diameter of shallow plenum

Dy twisted tape width

f friction factor

He, minichannel height

Hg distance between resistance temperature detector
(RTD) and minichannel bottom wall

H; axial distance of twisted tape rotated by 180°

have average heat transfer coefficient

ke thermal conductivity of fluid

ks thermal conductivity of solid

Len minichannel length

Lsp length of shallow plenum

Lt twisted tape length

LR tape-length ratio, LR=L¢/Ly,

m fin parameter

m mass flow rate

N number of minichannels

Nu Nusselt number

Nuy local Nusselt number

Po Poiseuille number

Pr Prandtl number

AP pressure drop

AP inlet contraction pressure loss

AP pressure drop of minichannel

APe outlet expansion pressure loss

APy, pressure drop of inlet plenum

APop pressure drop of outlet plenum
AP, pressure drop per unit length
APy total pressure

Q heat input to the fluid across minichannel
q base heat flux

Re Reynolds number

T; fluid temperature

Tin fluid temperature at inlet

Tout fluid temperature at outlet

Tr temperature measured by RTD

Tw temperature of minichannel bottom wall
t twisted tape thickness

u velocity

1% volumetric flow rate

W minichannel height

Wiin width of fin between two adjacent minichannels
W width of heat sink top platform

X axial distance to minichannel inlet

x* dimensionless axial distance

Y twist ratio, Y=H¢/D;

Greek symbols

o aspect ratio of rectangular channel, o<1
n thermal enhancement factor

Nfin fin efficiency

nw dynamic viscosity

P density

Subscripts

0 plain minichannel

ave average

ch minichannel

c inlet contraction

e outlet expansion

f fluid

fin fin

idp inlet deep plenum

in minichannel inlet

ip inlet plenum

isp inlet shallow plenum

k inlet shallow plenum (isp) or outlet shallow plenum
(osp)

m mean

n location number of resistance temperature detector

odp outlet deep plenum

op outlet plenum

osp outlet shallow plenum

out minichannel outlet

R resistance temperature detector (RTD)

S solid, sink

t top planform of heat sink, twisted tape

tot total

w bottom wall

X coordinate along flow direction

the thermal point of view. Additionally, the stability and reliabil-
ity of this solution were better than that of using the nanofluid
from a practical point of view [9]. Therefore, many researchers
have applied this solution to enhance heat transfer performance
for the micro/minichannel heat sink in recent years, e.g. Refs. [10-
12]. From these studies, it is found that the mechanisms of heat
transfer enhancement for using the improved micro/minichannel
structure can be concluded as the following three points: (1) the
improved channel structure extends the convective heat transfer
area; (2) the improved channel structure induces the interrup-
tion and redevelopment of hydraulic and thermal boundary layers;
(3) the improved channel structure generates vortex/swirl flow and
chaotic advection, which can enhance the hot and cold fluid mix-
ing, disturb the development of hydraulic and thermal boundary
layers, and increase residence time of fluid, thus their effect of heat
transfer enhancement is very remarkable. Vortex/swirl flow can be
generated by the swirl/vortex flow devices, which are also impor-
tant passive heat transfer enhancement methods. More details on
passive methods using swirl/vortex flow devices can be found in a
review by Sheikholeslami et al. [13].

Twisted tape, as an effective swirl flow device, has been widely
employed in the heat exchanger, solar water heater, cooling device,
and so on. Because twisted tape has many advantages, such as easy
fabrication, convenience mounting, and low cost [14], it always
attracts many attention and has been investigated extensively by
scholars and engineers. Especially, the researchers had conducted
numerous investigations on the modified, twin or multiple twisted
tapes in recent years. Abdolbagqi et al. [15] examined turbulent heat
transfer in a flat tube fitted with twin twisted tapes, and showed
that heat transfer rates in flat tube with twin counter twisted tapes
are around 22.5% and 61% higher than those with the twin co-
twisted tapes and plain flat tube, respectively. Man et al. [16] re-
ported that a dual-pipe heat exchanger with alternation of clock-
wise and counterclockwise twisted tape (ACCT tape) performed
better heat transfer performance as compared to that with the typ-
ical twisted tape, and the full-length ACCT tape obtained the max-
imum value (1.42) of performance evaluation criteria (PEC). Hong
et al. [17] showed that the tube equipped with overlapped multiple
twisted tapes performed superior heat transfer rate as compared
to the plain tube, and the maximum value of PEC was about 1.08.



Z. Feng, X. Ai and P. Wu et al./International Journal of Heat and Mass Transfer 158 (2020) 119947 3

He et al. [18] found experimentally that the heat transfer enhance-
ment in the tube with cross hollow twisted tape inserts under
laminar flow was better than that under turbulent flow, and the
values of PEC were in the range of 0.87 to 0.98. Liu et al. [19] in-
vestigated numerically the enhancement performance of laminar
convective heat transfer with the coaxial cross twisted tapes. They
showed that the coaxial cross twisted tape increased the Nusselt
number by 151-195% compared to the traditional twisted tape, and
its maximum value of PEC reached 1.92. Abolarin et al. [20] ex-
perimentally studied the heat transfer characteristics of periph-
eral u-cut twisted tapes and ring inserts in the transitional flow
regime, and concluded that increasing depth ratio of peripheral
u-cut twisted tape and decreasing space ratio of ring enhanced
prominently the heat transfer performance. Zhang et al. [21,22] in-
vestigated experimentally the overall thermal performance of per-
forated and unperforated self-rotating twisted tapes. They found
that the thermal performance factors of perforated and unperfo-
rated self-rotating twisted tapes ranged from 0.862 to 1.101, and
from 0.863 to 1.03, respectively. Chu et al. [23] experimentally
found that the twisted tape having obtuse V-cut configuration im-
proved pronouncedly Nusselt number and friction factor compared
to the successive twisted tape, but it yielded the highest PEC of
1.18-1.23 in the test range. Bhuiya et al. [24] conducted an ex-
perimental investigation on thermal performance characteristics of
a tube heat exchanger with perforated triple twisted tape. They
found that perforated triple twisted tape yielded thermal enhance-
ment efficiency of 1.13-1.5. Hong et al. [25] numerically studied
thermal-hydraulic performances in a sinusoidal rib tube with mul-
tiple twisted tapes. They showed that the PEC obtained by sin-
gle, twin, triple and quadruple twisted tapes were in the ranges of
1.35-1.49, 1.16-1.42, 1.06-1.33 and 1.00-1.25, respectively. Recently,
using traditional or modified twisted tape as a turbulator, Sheik-
holeslami et al. [26-31] investigated heat transfer, flow, exergy loss
and entropy generation of nanofluid in the heat exchanger tube.

According to the aforementioned literature survey, these re-
searches focused on the macro-scale heat exchanger channel with
twisted tape, and there was a lack of research on micro/mini-
scale channel with twisted tape. Especially, no article was tried
to investigate experimentally the effect of twisted tape on the
heat transfer and flow characteristics in micro/minichannels. Also,
Feng et al. [3] reported that wire coil inserts enhanced the heat
transfer performance in the microchannel heat sink with enhance-
ment factor of 1.2-1.8, and the values of PEC for all cases ranged
from 1.08 to 1.51. This means that the enhancement technique
for twisted tape inserts is also suitable for improving heat trans-
fer performance in the micro/minichannel heat sink. However, the
effects of twisted tape on heat transfer enhancement and pres-
sure drop are not understood in micro/minichannels. Furthermore,
a micro/minichannel heat exchanger has been widely used in var-
ious applications in recent years. Enhancing heat transfer perfor-
mance in the micro/minichannel heat exchanger is beneficial to en-
ergy conservation and emission reduction. Thus, the investigation
of flow and heat transfer characteristics in micro/minichannels fit-
ted with twisted tape inserts have a great significance to further
enhance heat transfer performance in micro/minichannels.

From the above analysis, it is very necessary to explore the
effect of twisted tape on thermal-hydraulic characteristics in mi-
cro/minichannels. This motivates current authors to conduct this
research. In this research, experimental investigation has been car-
ried out to find the effects of twist ratio and length of twisted
tape on heat transfer coefficient, pressure drop, and overall ther-
mal performance in a minichannel heat sink, where distilled wa-
ter is used as working fluid. In addition, empirical correlations for
heat transfer coefficient and pressure drop per unit length are de-
veloped based on the experimental data. This research will extend
application of twisted tape inserts to the micro/mini-scale heat

transfer field. Also, the results will provide a theoretical reference
in the design of micro/minichannel heat exchanger equipped with
twisted tape inserts.

2. Experimental methods
2.1. Test module

The construction of test module is illustrated in Fig. 1(a), which
is modified based on that of our previous study [32]. Its main
component is an oxygen-free copper heat sink having a 150-mm
long by 25-mm wide top surface. The top surface of the heat
sink contains 8 of 2 x 2 mm? parallel minichannels. The reason for
choosing minichannel in present work is because the minichan-
nel not only can be capable to absorb high heat flux but also
requires less pressure drop as compared to microchannel. More-
over, such minichannel is benefit to assembly of twisted tape. At
a distance of 5 mm under the bottom wall of these minichannels,
five shielded platinum resistance temperature detectors (RTDs) are
inserted along the center line of the heat sink to measure the
stream-wise wall temperature distribution. The locations of these
RTDs are 11 mm, 43 mm, 75 mm, 107 mm and 139 mm, re-
spectively, from the minichannel inlet position, as indicated in
Fig. 1(a). Eight oxygen-free copper twisted tapes are embedded
into the minichannels. Their geometric dimensions are depicted in
Fig. 1(a) and (b). The thickness (t) and width (D) of the twisted
tape are 0.15 mm and 2 mm, respectively. The twist ratio of the
twisted tape (Y) is defined as the ratio of the axial distance (H)
of the twisted tape rotated by 180° to the width of the twisted
tape, Y=H;/D;. The tape-length ratio (LR) is defined as the ratio of
twisted tape length (L;) to the minichannel length (L), LR=Lt/Ly,
where L;,=150 mm. Nine types of twisted tape are produced
to study the effects of tape-length ratio and twist ratio on heat
transfer and flow characteristics in the minichannels, as shown in
Fig. 1(b). Their lengths are 50 mm, 100 mm and 150 mm (LR=1/3,
2/3, 1). Because twisted tape with too small twist ratio is difficult
to fabricate for the present work, and twisted tape with too large
twist ratio can’t generate enough swirl intensity to enhance heat
transfer significantly, twist ratios selected in present work are 3, 4
and 5 based on the study by Saha et al. [33]. The head ends for
nine twisted tapes are positioned at the inlet of minichannel. The
tops of the minichannels are closed off by a transparent Pyrex glass
cover plate, which also provides optical access to the fluid flow in-
side the minichannels.

The heat sink is embedded into a rectangular through hole of
an insulating housing made from Telfon plastic, and then it is fixed
by screws. The housing has inlet and outlet plenums, and each
plenum contains a shallow plenum and a deep plenum to ensure
uniform flow distribution [34]. Each deep plenum contains a pres-
sure port to connect differential pressure transducer for measure-
ment of pressure drop between inlet and outlet. Furthermore, two
RTDs are set at these deep plenums to measure the inlet and outlet
temperatures, respectively.

The heat sink bottom surface contacts the top surface of a heat-
ing block made from oxygen-free copper. Silver thermal compound
is utilized in the interface between both surfaces to diminish con-
tact thermal resistance. The heating block is heated by seven car-
tridge heaters with the maximum total power of 1400 W. The
total power of these heaters is adjusted by a single 0-250 VAC
variac and measured by a digital wattmeter. Four fiberglass insu-
lating blocks are used to support and insulate the heating block. A
top stainless steel cover brace and a bottom insulating block press
tightly the multiple layers of test module together with the aid
of stainless steel bolts and screws, as shown in Fig. 1(a). The test
module assembly is wrapped by thermal insulation cotton to en-
sure insulation and minimize heat loss.
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Fig. 1. (a) Test module construction. (b) Photo of nine types of twisted type.

2.2. Experimental loop

A schematic diagram of the experimental flow loop is shown in
Fig. 2(a), which is divided into two loops, a test loop and a cooling
loop. The working fluid in the test loop and cooling loop are dis-
tilled water and cooling water, respectively. To avoid disturbance of
non-condensable gases on the test results, the working fluid is fully
degassed by vigorous boiling in the test loop’s reservoir for about
one hour previous to each test run. Degassed fluid is circulated
within the test loop using centrifugal pump, as same as the ex-
perimental setups of Khoshvaght-Aliabadi and Sahamiyan [35] and
Ho et al. [36]. Such pump can generate enough pressure to driver
the fluid to pass through the test module stably. Exiting pump,
the fluid is divided into two portions. One portion flows through
a by-pass valve and then returns to the reservoir. Another portion
passes successively a filter, a rotameter, a constant temperature
water bath, the test module, a heat exchanger, and finally flows
back to reservoir. The test module is connected to the test loop
via two silicone tubes, and the differential pressure transducer is
also connected to test module by silicone tube. This is beneficial
to flow stability in the test module during test running. The flow
rate in the test loop is regulated using the by-pass valve or the
control valve of the rotameter. The inlet temperature of fluid into
the test module is adjusted by the constant temperature bath. Fluid
absorbing heat from test module is cooled down by the liquid-to-

liquid heat exchanger. Fig. 2(b) shows the pressure drop fluctuation
in the minichannels with and without twisted tape. It is found that
the amplitude of pressure drop fluctuation is quite small. Thus the
pulsation dampener is not used in present flow loop.

2.3. Operating conditions and measurement accuracies

In the present work, the volumetric flow rates are varied from
0.36 to 0.76 L/min, corresponding to Reynolds numbers between
419 and 884 for a single plain minichannel. This means lami-
nar flow in the minichannel. Sheikholeslami et al. [13] concluded
that twisted tape inserts perform better thermal performance in
laminar flow than turbulent flow. The inlet fluid temperature is
maintained at 25°C during test run. Temperature measurements
throughout the test module are achieved using RTDs. Each RTD is
calibrated in a constant temperature water bath. After this calibra-
tion, a maximum error of +0.1 °C is achieved for each RTD. The
differential pressure transducer for measurement of pressure drop
between inlet and outlet has an accuracy of +0.25%. The rotameter
with an accuracy of +2.5% is used to measure the volumetric flow
rate of working fluid. The digital wattmeter for the heat input mea-
surement yields an accuracy of +0.5%. All the temperatures and
pressure drop between inlet and outlet in the test module are col-
lected by two Advantech data acquisition modules (ADAM 6217).
Table 1 summarizes the accuracy of measuring instruments.
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Fig. 2. (a) Schematic diagram of experimental flow loop. (b) Pressure drop fluctuation in the minichannels with and without twisted tape.

Table 1

Accuracy of measuring instruments.
Property Instrument Accuracy
Dimension Vernier caliper 0.02 mm
Temperature RTD Pt100 0.1 °C

0.25% of full scale
2.5% of full scale
0.5% of full scale

Pressure drop
Volumetric flow rate
Heater Power

Star Meter, CCY 150
Shuanghuan, LZB-6WB
EVERFINE, PF9800

3. Data reduction and uncertainty analysis
3.1. Data reduction
The mass flow rate, m, is expressed as Eq. (1).
=V pin (1)

where V is the volumetric flow rate; p;, is the density of the fluid
at the test module’s inlet.

The inlet velocity of single plain minichannel, u;,, is given by
Eq. (2).
e (2)
Ncththh
where N, is the total number of minichannels, N.,=8; W, and
Hg, are the width and height of single minichannel, respectively,
WCh:HChZZ mim.

The Reynolds number for single plain minichannel, Reg, is de-
fined as Eq. (3) based on inlet parameters.

Ujp =

inUin D,
Rep = Pintinh 3)
in

where pw;, is the dynamic viscosity of the fluid at the test mod-
ule’s inlet; Dy, is the hydraulic diameter of the plain minichannel,
Dy=2WHen [(Wen+Hep)-

Because the total pressure drop, AP, measured by differen-
tial pressure transducer, includes the pressure drops along the
minichannels and the plenums at inlet and outlet, as well as the
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pressure losses due to the abrupt contraction and expansion, the
pressure drop between the inlet and outlet of minichannel, AP,
is calculated by Eq. (4).

APch = APot — (APC + APip + APop + Ape) (4)

where AP. and AP. are the inlet contraction and outlet expan-
sion pressure losses, respectively. They are expressed as Eq. (5) and
Eq. (6), respectively.

As\ Aas )
i h
AR =025 1_< A:;) Pt + 1_< A;:) Pt

(5)

As Aosp |
AP. =05 (1= ) poueti+ (1= 222 ) pourti? (6)
Aosp Aodp P
where A, Ajsp, Aidp, Aosp and Agqy, are the cross-sectional areas of
the total minichannels, inlet shallow plenum, inlet deep plenum,
outlet shallow plenum and outlet deep plenum, respectively; uouyt,
Uisp and ugsp are the velocities at the minichannel outlet, inlet shal-
low plenum and outlet shallow plenum, respectively; pout is the
dynamic viscosity of the fluid at the test module’s outlet.

In Eq. (4), AP, and APop are the pressure drops across the in-
let and outlet plenums, respectively. The pressure drops across the
deep plenums can be ignored due to very low fluid velocities in
the deep plenums, so AP;, and APqp only account for the shallow
plenums. The inlet and outlet shallow plenums have same dimen-
sions, thus AP;, and APop are estimated from Eq. (7) and Eq. (8),
respectively.

2 fispUZ Lsp 0i
Apy = =2 ™)
h,sp
2 fospU2, L
APop _ fosp l;;p sp Qout (8)
,Sp

where Lsp and Dy, are the length and hydraulic diameter of the
shallow plenum, respectively; fi;, and fosp are the Fanning friction
factors in inlet and outlet shallow plenums, respectively, which are
obtained from Eq. (9) [37].

fiRey = 24(1 — 13553 + 19467 — 1.7012c> + 0.9564a* — 0.2537a°)
9

where subscript k refers to either inlet shallow plenum, isp, or out-
let shallow plenum, osp; « is aspect ratio of rectangular channel;
Rey is the Reynolds number and defined as Eq. (10).

_ pkuth,sp

B M
The pressure drop per unit length in the minichannel, APy, is

defined as Eq. (11).

APch

Lch

where Ly, denotes the length of the minichannel, L.,=150 mm.

The heat input to the fluid across the minichannels, Q, is eval-
uated from Eq. (12) using an energy balance.

Q = V,OinCp,m(Tout - Tm) (]2)

where cpm is the fluid specific heat at constant pressure based on
the average fluid bulk temperature; Tj, and Toyu: are the inlet and
outlet temperatures, respectively. Furthermore, the base heat flux,
q, is expressed as Eq. (13).

_Q
-

Rek (10)

APy = (11)

q (13)

where A; is the footprint area of the heat sink top platform,
At =25 x 150 mm?,

The temperature of the minichannel’s bottom wall is not equal
to the temperature measured by RTD due to the thermal resistance
of copper. Therefore, the Fourier’s law of heat conduction is used to
determine this temperature. Assuming one-dimensional heat con-
duction between the minichannel’s bottom wall and the plane of
the RTDs, the local temperature of the minichannel’s bottom wall,
Tw,n, can be calculated by Eq. (14).

gHr
ks

where subscript n denotes the location number of RTD; Ty, is
the temperature measured by the number n RTD (see Fig. 1(a));
Hg denotes the distance from the center of RTD junction to the
minichannel’s bottom wall, Hg=5 mm; ks represents the thermal
conductivity of the heat sink, ks=398 W/m K. Furthermore, the av-
erage temperature of the minichannel’s bottom wall, Twave, can be
obtained by Eq. (15).

Tw,n = TR,n - (14)

1 5
Tw,ave = g ZTw‘n (15)

n=1

Because the intermediate walls between the minichannels act
as fins, the average heat transfer coefficient, have, can be deter-
mined using an energy balance with the fin analysis method, as
follows:

h _ qWS
ave =
Nch (Wch + znﬁanh)[TW,ave - Tf,ave]

where W; is the width of the heat sink top platform, Ws=25 mm,;
Ttave is the average bulk fluid temperature, T;aye=(Tin+Tout)/2; Mfin
is the fin efficiency. The fin tips are assumed to be adiabatic be-
cause the insulating Pyrex glass is employed for the cover plate.
For a rectangular fin with an adiabatic tip, ng, is defined as
Eq. (17).

_ tanh(mHg,)
- chh

(16)

Nfin (17)

where m is the fin parameter and given by Eq. (18).

Z(Lch + Wﬁn)have
m= —_— 18
V ksLenWhn (18)

in which Wy, is the width of the fin between two adjacent
minichannels, Wg,=1 mm. Solving Eqs. (16)-(18) with an iterative
scheme yields the average heat transfer coefficient, haye.

For evaluating the comprehensive effects of the twisted tapes
on the fluid flow and heat transfer performances in the minichan-
nels, a thermal enhancement factor, 7, is introduced in present
work. The thermal enhancement factor is defined as the ratio
of the average heat transfer coefficient in the minichannels with
twisted tapes, have, to that without twisted tapes, hyep, at the
same pumping power. This factor is given by Eq. (19).

have _ have / have‘ 0
have.o PP (APpul/APpulvo)l/3

(19)

where APy, represents the pressure drop per unit length in the
minichannels without twisted tapes (i.e. plain minichannels).

3.2. Uncertainty analysis

Uncertainty analysis in present work is performed using
method proposed by Moffat [38]. The accuracy of measuring in-
struments employed in present experiment is listed in Table 1. The
uncertainty for measuring instrument with accuracy at full scale
can be calculated by §p = Ri,Ains/~/3; Where 8p is the uncertainty



Z. Feng, X. Ai and P. Wu et al./International Journal of Heat and Mass Transfer 158 (2020) 119947 7

600
- | —@#— Experimental Data

500 || — Theoretical Data
© 400 -
a,
% 300 |

200 +

1 f 1 f 1 1 I L 1 L |

(@)

8.0 |- —o— Experimental Data

I | —— Theoretical Data
75
gc, 7.0 —
6.5 -
6.0 -

1 L | 1 | 1 | L | L |
400 500 600 700 800 900
Re,
(b)

Fig. 3. Comparisons of experimental data with theoretical data for (a) pressure drop, and (b) Nusselt number in the plain minichannels.

in measuring parameter, p; Rj,s and A;,s are the range and accuracy
of instrument, respectively. The relative uncertainty (as a percent-
age) of the derived quantities can be calculated from Eq. (20).

sk far. N\
R _ R|:Z <M5xi) } (20)

i=1

where 6R, §X; are the uncertainties of the derived quantity, R, and
the measured parameter, X;, respectively. According to Eq. (20), the
uncertainties of Reynolds number in the plain minichannel, pres-
sure drop per unit length and heat transfer coefficient can be es-
timated to be in the ranges of 2.33-3.94%, 1.21-11.39% and 3.45-
4.18%, respectively, in the present study. More details about the un-
certainties are given in Appendix A.

4. Results and discussion
4.1. Validation of experimental methods

In order to validate the reliabilities of experimental setup and
data reduction methods, the experimental data of pressure drop
and Nusselt number in the plain minichannel are compared with
theoretical data, which are calculated by Egs. (21)-(27).

For the developing laminar flow region in the rectangular chan-
nel, Steinke and Kandlikar [37] provided the expression of theoret-
ical pressure drop, which is given by Eq. (21).

_ 2PoptmUmLey, K (00) pmuZ,

AP
D2 2

(21)

where Po is the Poiseuille number, Po=fRe, calculated by Eq. (9);
/m is the dynamic viscosity based on the average fluid bulk tem-
perature; up, is the average velocity; K (oo) is the Hagenbach’s fac-
tor, given by Eq. (22) [37].

K(o0) = 0.6797 + 1.2197c + 3.3089c2 — 9.5921c> + 8.9089r* — 2.9959c>
(22)

For the thermally developing laminar flow region, the local
Nusselt number, Nuy, is determined according to Shah and Lon-
don’s correlation [39], as follows:

Nuy = 4.363 + 8.68(10%x*) " exp(—41x") (23)
. X _ CpxMx
X = ReprDy T ki (24)

where x is the distance to the minichannel inlet; x* is the di-
mensionless axial distance; Pr is the Prandtl number. Because the

minichannel in present work is the three-sided heating configura-
tion, the following relation is adopted to predict the local Nusselt
number for present work [40]:

NU3
Nllx,3 = <m)NUX (25)

where Nuy 3 refers to the local Nusselt number for the thermally
developing region with three-sided heating; Nus and Nuy4 are the
Nusselt numbers in the thermally developed region for the three-
sided and four-sided heating cases, respectively. They are given by
Eq. (26) and Eq. (27) [39], respectively.

Nuz = 8.235(1 — 1.883« + 3.767a* — 5.814a® + 5.361a* — 2.00°) (26)

Nuy = 8.235(1 —2.0420¢ + 3.085002 — 2.4770% +1.0580* — 0.186a5)
(27)

In the present experiment, the Nusselt number for plain
minichannel, Nug, is calculated by Eq. (28).

Nuo — have,ODh (28)
kf,m

where k¢, is the fluid thermal conductivity based on the average

fluid bulk temperature.

Fig. 3 compares the experimental data with the theoretical data
for both pressure drop (q=0 W/m?), and Nusselt number in the
plain minichannels, which presents a reasonably good agreement.
The maximum and mean absolute deviations for pressure drop are
16.0% and 8.5%, respectively, and for Nusselt number are 3.7% and
2.2%, respectively. This suggests that the experimental setup and
data reduction methods adopted in present work are reliable for
the investigation on the hydraulic and thermal performances. Ad-
ditionally, it is found from Fig. 3(b) that the Nusselt number in-
creases with Reynolds number increasing except one data point at
Reg= 512. This phenomenon is also found in Ref. [41]. This is possi-
bly because of experimental error. Furthermore, comparing Nug at
Reg= 512 with Nug at Rep= 465 and Nug at Rep= 581, it is found
that their deviations are very small (<1.74%).

4.2. Effects of twisted tapes on flow and heat transfer
performances

4.2.1. Effect of twist ratio

Fig. 4 shows variation of the pressure drop per unit length,
APy, with the twist ratio of twisted tape, Y, for different tape-
length ratios and mass flow rates. For a given tape-length ratio and
the same mass flow rate, the pressure drop per unit length gener-
ally decreases with increasing twist ratio, i.e., the pressure drop
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Fig. 4. Variation of pressure drop per unit length with the twist ratio of twisted tape for different tape-length ratios and mass flow rates.

per unit length increases with the decrease in twist ratio. For in-
stance, at the tape-length ratio of 2/3 and mass flow rate of 5.98
g/s (Rep=419), the pressure drop per unit length for twist ratios
of 3 and 4 are increased by 24.3% and 11.9%, respectively, as com-
pared to the twist ratio of 5. This is attributed to the existence of
swirl flow and the increase in flow path. The previous studies [16-
19] proved that the swirls were generated into the fluid passing
the twisted tape. It is well known that the swirl will bring pres-
sure loss. The stronger swirl intensity is generated by the smaller
twist ratio of twisted tape, thereby causing the greater pressure
loss. Moreover, the addition of twisted tape in the plain minichan-
nel renders the straight flow to become the swirl flow. This type
of flow results in the flow path increasing for the same distance in
the axial direction, meaning the flow resistance increasing. Thus,
smaller twist ratio results in longer flow path and larger pressure
loss. Furthermore, with reducing twisted ratio of twisted tape, the
increase in frictional area is one of reasons for increasing pressure
loss. As the same length, same width and same thickness of the
twisted tape, reducing the twist ratio causes the surface of twisted
tape to extend. This suggests that more fluid contact with walls
of the twist tape, thereby increasing the flow resistance. In conclu-
sion, decreasing twist ratio results in the flow resistance increasing,
thereby raising the pressure drop per unit length.

Apparently, the swirl flow generated by twisted tape leads to
redistribution of the fluid temperature field, thereby affecting the
wall temperature distribution. Fig. 5(a) depicts the distribution of
wall temperature along the plain minichannel and twisted tape in-
serted minichannels with different twist ratios (Y=3, 4, 5) at given
tape-length ratios (LR=1/3, 2/3, 1) and mass flow rate of 11.63 g/s
(Reg=814). It is clearly seen that, the wall temperatures for twisted
tape inserted minichannels are much lower than that for the plain
minichannel at a given location x. For example, at the tape-length
ratio LR=2/3 and axial location x=75 mm, the wall temperatures
for twisted tape inserted minichannels with twist ratios of 3, 4 and
5 are 7.7, 7.0 and 6.6 K lower than that for the plain minichannel,
respectively. This indicates that the presence of twisted tape can
improve heat transfer performance in the minichannel. This behav-
ior can be attributed to the swirl flow generated by twisted tapes,
which can promote the mixing between cold and hot fluid, thereby
disturbing the flow boundary layer and reducing the thickness of
thermal boundary layer. Thus, the heat transfer performance is en-
hanced in the twisted tape inserted minichannel. Moreover, this
enhanced effect closely correlates with the twist ratio of twisted
tape. Smaller twist ratio results in better heat transfer enhance-

ment. This is because smaller twist ratio induces stronger swirl
flow intensity.

Fig. 5(b) illustrates variation of the average heat transfer co-
efficient, have, with twist ratio of the twisted tape, Y, for differ-
ent tape-length ratios and mass flow rates. The trends of aver-
age heat transfer coefficient with twist ratio are similar to that of
pressure drop per unit length, i.e., the average heat transfer coeffi-
cient increases with the decrease in twist ratio. For instance, at the
tape-length ratio of 1 and mass flow rate of 8.31 g/s (Reg=581),
the average heat transfer coefficients for twist ratios of 3 and 4
are increased by 24.4% and 8.2%, respectively, as compared to the
twist ratio of 5. As discussed earlier, smaller twist ratio can in-
duce stronger swirl flow, thereby enhancing the disturbance of the
fluid and flow boundary layer. It is helpful to mix the hot and cold
fluid, and reduce the thickness of boundary layer. Furthermore, the
decrease in twist ratio can promote the length of fluid flow path,
rendering the mixing time of the hot and cold fluid to increase.
As a consequence, the heat transfer enhancement is achieved by
decreasing the twist ratio of twisted tape.

4.2.2. Effect of tape-length ratio

Fig. 6 presents the variation of pressure drop per unit length,
APy, with tape-length ratio, LR, for different twist ratios (Y=3,
4, 5) and mass flow rates. It can be obviously observed that the
pressure drop per unit length increases with the tape-length ra-
tio increasing at a given twist ratio and the same mass flow rate.
For instance, at the twist ratio of 3 and mass flow rate of 9.97 g/s
(Reg=698), the minichannels with tape-length ratios of 2/3 and 1
respectively yield 43.8% and 82.1% greater pressure drops per unit
length as compared to the minichannel with tape-length ratio of
1/3. This is because longer twisted tape produces wider coverage
of swirl flow, greater frictional surface area and longer fluid flow
path, thereby bringing greater form resistance and frictional resis-
tance.

Fig. 7(a) shows the distribution of wall temperature along the
plain minichannel and twisted tape inserted minichannels with
different tape-length ratios (LR=1/3, 2/3, 1) at given twist ratios
(Y=3, 4, 5) and mass flow rate of 11.63 g/s (Rep=814). It is clear
that the wall temperature escalates along the minichannel. For the
plain minichannel, the wall temperature increases speedily in the
upstream of the minichannel, but slowly in the downstream. This
trend is consistent with the experimental and numerical results of
Qu and Mudawar [42]. This is due to the fact that, on the one
hand, the thermal and hydrodynamic boundary layers are devel-
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m=11.63 g/s. (b) Variation of average heat transfer coefficient with tape-length ratio for different twist ratios and mass flow rates.

oping in the upstream, resulting in the existence of an entrance
effect; but the boundary layer trends toward fully developed state
in the downstream, rendering thermal resistance to escalate. On
the other hand, the temperature of working fluid in the upstream
is low, thereby promoting heat transfer; but in the downstream,
the temperature of working fluid is high because the heat has in-
jected into fluid from heating wall where the fluid flows through.
It is not beneficial to heat transfer between the heating wall and
fluid. For all minichannels with twisted tape, the wall tempera-
tures along the flow direction escalate mildly in the upstream; but
in the midstream and downstream, the trends of wall tempera-
ture are different due to different tape-length ratios. Taking the
instance of minichannel with the tape-length ratio of 1/3 (L=50
mm), the wall temperature along minichannel increases speedily
in the midstream, while slowly in the downstream. This trend is
similar to that of plain minichannel. This is because of both mid-
stream and downstream regions without twisted tape, indicating
no swirl flow existing or weak swirl flow intensity. It is interest-
ing to find that for the minichannel with tape-length ratio of 1
(i.e., full-length twisted tape, L;=150 mm), the wall temperature
escalates slightly along whole channel. In addition, the temper-
ature difference between maximum and minimum wall temper-
ature is lower as compared to the plain minichannel and other

twisted tape inserted minichannels. For instance, at twist ratio of
3, the wall temperature difference for tape-length ratio of 1 is 2.8
K, while that for tape-length ratios of 1/3 and 2/3 are 7.6 and 5.1
K, respectively, and that for plain minichannel is 6.8 K. This sug-
gests that the minichannel with full-length twisted tape has the
best uniformity of wall temperature distribution on the heat sink
base. However, the minichannel with shorter twisted tape (LR=1/3)
has worst uniformity of wall temperature distribution. This is be-
cause of the entrance effect and stronger swirl flow in the up-
stream as compared to midstream and downstream. This issue is
able to be solved by placing the twisted tape in the midstream or
downstream of minichannel. In general, the region having twisted
tape in the minichannel can reduce wall temperature as compared
to the region without twisted tape, indicating enhancement of
heat transfer performance. Longer twisted tape yields lower aver-
age wall temperature. For a given twist ratio, the minichannel with
full-length twisted tape produces the lowest wall temperature and
the best uniformity of wall temperature distribution.

Fig. 7(b) shows the variation of the average heat transfer coeffi-
cient, hayve, with different tape-length ratios (LR=1/3, 2/3, 1) in the
twisted tape inserted minichannels for different mass flow rates at
given twist ratios (Y=3, 4, 5). As expected, the average heat trans-
fer coefficient increases with the increase in the tape-length ratio
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at the given twist ratio and mass flow rate. For example, at the
twist ratio of 3 and mass flow rate of 9.97 g/s (Rey=698), the aver-
age heat transfer coefficients in the minichannels with tape-length
ratios of 2/3 and 1 are increased by 31.3% and 56.0%, respectively,
as compared to that with tape-length ratio of 1/3. This is because
for the minichannel with shortest twisted tape (LR=1/3) placed in
the upstream, the swirling flow are generated in the upstream as
the fluid passing the twisted tape. As earlier discussed, this type
of flow can enhance heat transfer performance in the upstream.
However, with the fluid passing through the downstream without
twisted tape, the swirling flow becomes weak, even changes to the
straight flow. According to the field synergy theory proposed by
Guo et al. [43], such type of flow isn’t helpful to the improvement
of the convective heat transfer. With the tape-length ratio increas-
ing, e.g. full-length twisted tape (LR=1), the swirling flow fully
fills in the whole minichannel, meaning heat transfer enhance-
ment for the whole minichannel. In general, the minichannels with
full-length twisted tape (LR=1) show the best heat transfer per-
formance. The maximum average heat transfer coefficient reaches
6.02 kW/m? K at the twist ratio of 3 and mass flow rate of 12.63
g/s (Rep=884).

4.3. Effects of mass flow rate on flow and heat transfer
performances

Fig. 8(a) and (b) presents the variations of pressure drop per
unit length and average heat transfer coefficient with mass flow
rate. As shown in Fig. 8(a), the pressure drop per unit length in-
creases with the increase in mass flow rate for all cases. Espe-
cially for the cases with full-length twisted tape (LR=1), their in-
creased rates are greater than that of plain minichannel. This is
because with mass flow rate increasing, the fluid velocity gradient
increases, resulting in the enhancements of shear stresses between
fluid and fluid as well as between fluid and wall, and the enhance-
ment of swirl intensity in the twisted tape inserted minichan-
nel, thereby increasing pressure loss. Apparently, the full-length
twisted tape brings more pressure loss. From Fig. 8(b), it is clearly
seen that the heat transfer coefficient increases with the mass
flow rate increasing regardless of minichannel with or without
twisted tape. Also, the increased rate for the twisted tape inserted
minichannel is substantially larger than that for plain minichannel,
especially for the twisted tape inserted minichannel with Y=3 and
LR=1. This can be explained by the fact that increasing mass flow
rate can improve the velocity gradient near the minichannel wall,
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Fig. 9. (a) Variation of thermal enhancement factor with mass flow rate. (b) Overall thermal performance comparison with the previous studies: Safikhani and Abbasi [44],

Liu et al. [19], Zhai et al. [45], Chai et al. [46], Zhang et al. [47], and Ho and Chen [48].

thereby thinning thermal boundary layer. For the twisted tape in-
serted minichannel, the increase of mass flow rate also enhances
the swirl intensity, further facilitating fluid mixing and disturbing
thermal boundary layer, thereby leading to better heat transfer en-
hancement. Obviously, the effect of enhancement is more remark-
able for twisted tape with smaller twist ratio or/and longer length.

Fig. 8(c) and (d) gives the variations of the pressure drop in-
creasing factor (AP, /APyy0) and heat transfer enhancement fac-
tor (have/Naveo) With mass flow rate, where AP, o and hyyeq de-
note the pressure drop per unit length and average heat transfer
coefficient in the plain minichannel, respectively. From Fig. 8(c)
and (d), it is found that with mass flow rate increasing, both
APpy [ APpy1o and haye[haye rise slightly at the low mass flow rate
and have no distinct change at the high mass flow rate, especially
for full-length twisted tapes. This may be explained by the fact
that at the low mass flow rate, the intensity of swirl flow caused
by twisted tape is weak, resulting in low flow resistance and heat
transfer augment. With the mass flow rate increasing, disturbing
effect caused by twisted tape becomes strong, rendering effects of
flow resistance and heat transfer augment to increase. However,
this augment effect will reach a limit at the high mass flow rate
as compared to plain minichannel because high velocity also re-
sults in strong disturbing effect for plain minichannel. In general,
at the whole range of mass flow rate, the values of AP,y /APy
in twisted tape inserted minichannels with Y=3 and LR=1/3, Y=3
and LR=2/3, Y=3 and LR=1, Y=4 and LR=1/3, Y=4 and LR=2/3,
Y=4 and LR=1, Y=5 and LR=1/3, Y=5 and LR=2/3, and Y=5 and
LR=1 are in ranges of 1.99-2.59, 2.89-3.73, 3.64-4.72, 1.80-2.20,
2.60-3.23, 3.29-4.02, 1.68-2.08, 2.32-2.98 and 3.00-3.52, respec-
tively. The values of have/haye in these cases are in ranges of 1.45-
1.60, 1.89-2.11, 2.22-2.49, 1.34-1.46, 1.70-1.92, 1.94-2.18, 1.29-1.41,
1.60-1.82 and 1.81-2.00, respectively. For the same mass flow rate,
the twisted tape inserted minichannel with Y=3 and LR=1 yields
maximum APy /APy and have/havep, While that with Y=5 and
LR=1/3 yields minimum AP, /APy and have/haye o

4.4. Overall thermal performance

Above analysis shows that decreasing the twist ratio or increas-
ing the tape-length ratio not only enhances the heat transfer per-
formance, but also increases pressure drop in the twisted tape
inserted minichannels. Therefore, to evaluate overall performance
of flow and heat transfer in twisted tape inserted minichannels,

a thermal enhancement factor () is introduced in present work
and determined from Eq. (19). Fig. 9(a) presents the variation of
thermal enhancement factor (1) with mass flow rate (m) in differ-
ent twisted tape inserted minichannels. From Fig. 9(a), it is clearly
seen that the thermal enhancement factors for all the cases are
greater than 1 at the whole range of mass flow rate, indicating that
the heat transfer enhancement overwhelms the increase of pres-
sure drop. This also suggests that the addition of the twisted tape
can improve effectively the overall performance of the minichan-
nel. It is observed that most of the variations in thermal enhance-
ment factor mainly tend to be stable or have a slight uptrend as
mass flow rate increasing. This is because the trend of heat transfer
enhancement factor (have/haveo) with mass flow rate is similar to
that of pressure drop increasing factor (AP /APpy0), as shown in
Fig. 8(c) and (d). It is also observed that for a given mass flow rate,
the thermal enhancement factor increases with the decrease in
the twist ratio or/and the increase in the tape-length ratio, which
is consistent with the trends of the heat transfer coefficient and
pressure drop per unit length. This indicates that although twisted
tape brings greater friction resistance with reducing the twist ra-
tio or/and increasing the tape-length ratio, the heat transfer en-
hancement is much greater than the increase in friction resistance.
Therefore, at the same mass flow rate the twisted tape inserted
minichannel with Y=3 and LR=1 produces maximum value of ther-
mal enhancement factor (maximum value is 1.50 at m=8.31 g/s),
and that with Y=5 and LR=1/3 yields minimum value (minimum
value is 1.05 at m=6.65 g/s). At the entire range of the study, the
average values of thermal enhancement factor for twisted tape in-
serted minichannel with Y=3 and LR=1/3, Y=3 and LR=2/3, Y=3
and LR=1, Y=4 and LR=1/3, Y=4 and LR=2/3, Y=4 and LR=1, Y=5
and LR=1/3, Y=5 and LR=2/3, and Y=5 and LR=1 are 1.16, 1.35,
1.46, 112, 1.27, 1.35, 1.09, 1.23 and 1.30, respectively. Moreover, it
is interesting to find that the average thermal enhancement fac-
tor (n=1.35) for twisted tape inserted minichannel with Y=3 and
LR=2/3 is equal to that with Y=4 and LR=1. This is because both
the decrease in the twisted ratio and the increase in the tape-
length ratio can enhance the strength of the swirl and reduce its
decay rate in the downstream of minichannel, thereby enhancing
overall thermal performance. This enhancement effect for above
two minichannels are almost same, i.e.,, when Y=4 and LR=2/3,
the enhancement effect caused by decreasing twisted ratio (Y=3)
is almost equivalent to that caused by increasing tape-length ratio
(LR=1).
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Table 2
Details of previous studies.
Authors Geometry Fluid Re Remarks
Safikhani and Abbasi [44]  Plain or flat tube with twisted tape Al,03-water nanofluid 100-2000 1=0.95-1.15 for dual counter twisted tapes
Dy=10, 13.89 mm with Y=3
Liu et al. [19] Tube with coaxial cross twisted tapes Lubricating oil 40-1050 1n=1.07-1.51 for coaxial cross twisted tapes
Dyp=13 mm with Y=4
Zhai et al. [45] Rectangular microchannel with Water 134-600 1=0.95-1.38 for relative cavity height of
trapezoidal-cavity and circular-rib 0.3751 and relative rib height of 0.1365
Dp=0.133 mm
Chai et al. [46] Rectangular microchannel with Water 187-715 1n=1.19-1.33 for H,/W.=0.25, H;/W, is the
fan-shaped ribs ratio of the height of rib to the width of
Dy=0.133 mm microchannel
Zhang et al. [47] Multiport minichannel flat tube TiO,-water nanofluid 359-2034 17=1.06-1.21 for nanofluid with average
Dy=1.65 mm nanoparticle diameter of 10 nm and volume
fraction of 0.01%
Ho and Chen [48] Minichannel Al,03-water nanofluid 133-1515 1n=1.33-1.52 for nanofluid with mass fraction
Dy=1.2 mm of 10%
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In addition, Fig. 9(b) presents the comparison of the best over-
all thermal performance obtained here (Y=3 and LR=1) with the
previous studies: Safikhani and Abbasi [44], Liu et al. [19], Zhai
et al. [45], Chai et al. [46], Zhang et al. [47], and Ho and Chen [48].
The details of the previous studies are shown in Table 2. It should
be noted that the Reynolds number in Fig. 9(b) and Table 2 is
based on plain channel parameters. The channels of top 2 studies
in Table 2 are macro-scale channels, others are micro/mini-scale
channels. From Fig. 9(b), it can be deduced that the thermal en-
hancement factor in the twisted tape inserted minichannel with
Y=3 and LR=1 for present study is almost higher than that in other
studies when Reynolds number is in range of 419-884. This means
that the twisted tape inserted minichannel shows better overall
thermal performance. Moreover, it has better practicability and re-
liability compared to Zhang et al. [47] and Ho and Chen [48] which
working fluid are nanofluid. This is because nanofluid easily de-
posits during the system working.

4.5. Correlations for pressure drop per unit length and heat
transfer coefficient

From the above analysis, it is expected that pressure drop per
unit length or average heat transfer coefficient has great relation-
ships with twist ratio (Y), tape-length ratio (LR) and mass flow
rate. Also the Reynolds number in plain minichannel (Rey) only de-
pends on mass flow rate at given inlet temperature, and average
heat transfer coefficient has great relationships with Prandtl num-
ber (Pr) as well [18]. In other words, pressure drop per unit length
is correlated as a function of Y, LR and Rey, while average heat
transfer coefficient is correlated as a function of Y, LR, Rey and Pr.
Therefore, based on 81 experimental data points in the minichan-
nels with different twisted tapes, the empirical correlations for the
pressure drop per unit length and average heat transfer coefficient
have been developed using nonlinear regression analysis with aid
of a data analysis software OriginPro. The two correlations were
expressed as follows:

APpul — 3_3446Y—0.4416LR0.5458RE(1).3084 (28)
have = 275.8204Y ~03251 [R03651 Re0.4167 pp-3 (29)

where the physical property parameters in Pr are based on the
arithmetic mean temperature of minichannel’s inlet and outlet.
The two correlations are suitable for 419<Re(;<884, 0.3333<LR<1
and 5.4746<Pr<5.8442. From Eqs. (28) and (29), the pressure drop
per unit length and heat transfer coefficient increase with the de-
crease in twist ratio or/and the increase in tape-length ratio. With
Reynolds number (mass flow rate) increasing, both pressure drop
per unit length and heat transfer coefficient increase. This suggests
that the trends obtained by Eqs. (28) and (29) agree well with the
experimental trends. To further evaluate the reliability of devel-
oped empirical correlations, the predicted values of pressure drop
per unit length and heat transfer coefficient correlations are com-
pared with the experimental values, as shown in Fig. 10(a) and (b).
It is found that the deviations between predicted values and exper-
imental values for pressure drop per unit length are all within +6%
and that for heat transfer coefficient are all within +5%. Moreover,
the mean absolute errors (MAE) for pressure drop per unit length
and heat transfer coefficient are 2.0% and 1.6%, respectively. This
indicates excellent agreement between experimental and predicted
values for both pressure drop per unit length and heat transfer co-
efficient. Furthermore, based on friction factor and Nusselt number
correlations proposed by Ray and Date [49], the predicted values
of pressure drop per unit length and heat transfer coefficient in
the minichannel with full-length twisted tape can be calculated.
Fig. 10(c) and (d) shows comparisons of predicted values of present
correlations with that based on correlations proposed by Ray and

Date [49] for twisted tape with Y=5 and LR=1. It is found that
the trends of present correlations agree well with that based on
correlations proposed by Ray and Date [49], as well as the MAE
for pressure drop per unit length and heat transfer coefficient are
4.5% and 15.4%, respectively. This further verifies the effectiveness
of present correlations.

5. Conclusions

The effects of twist ratio (Y=3, 4 and 5) and tape-length ra-
tio (LR=1/3, 2/3 and 1) on the fluid flow and heat transfer per-
formances in the square minichannel heat sink fitted with twisted
tape inserts under laminar flow have been investigated experimen-
tally. The following conclusions can be drawn from the present
study:

1) Minichannel heat sink fitted with twisted tape inserts not only
enhances the heat transfer performance, but also increases
pressure drop, compared to the plain minichannel heat sink.
Both average heat transfer coefficient (have) and pressure drop
per unit length (AP,,) increase with the decrease in twist ratio
or/and the increase in tape-length ratio. Thus, the twisted tape
with Y=3 and LR=1 yields the best heat transfer performance
and the highest pressure drop at the same mass flow rate. The
heat transfer enhancement factor (have/hayeo) and the pressure
drop increasing factor (AP, /APy o) are in the ranges of 1.29-
2.49 and 1.68-4.72, respectively.

2) The thermal enhancement factor (1) increases with the twist
ratio reducing or/and the tape-length ratio increasing at the
same mass flow rate. At the entire range of mass flow rate,
the average values of 1 for each twisted tape are in a range of
1.09-1.46. The twisted tape with Y=3 and LR=1 yields the best
overall thermal performance compared to other eight twisted
tapes at the same mass flow rate. Thus, the twisted tape with
Y=3 and LR=1 is more suitable for enhancing heat transfer in
present study.

3) The empirical correlations for haye and APPUI have been de-
veloped with relating to twist ratio (Y), tape-length ratio (LR),
Reynolds number in plain minichannel (Rey) or/and Prandtl
number (Pr). The predicted hae and APy calculated from
those correlations are also fitted well with present experimen-
tal data, evidenced by standard deviations of +5% and 6%, re-
spectively.

In future works, the following issue are worth investigating:
(1) Although many numerical simulations on twisted tape were
presented so far, the cases for twisted tape inside the rectangu-
lar channel were very few. Thus, to find the mechanism of heat
transfer enhancement caused by twisted tape inside the rectangu-
lar micro/mini-channel, the simulation on flow and heat transfer
characteristics in this heat sink needs to be investigated. (2) Two-
phase micro/mini-channel heat sink achieves superior heat trans-
fer rate by using both latent heat and sensible heat of coolant.
However, the influences of twisted tape on heat transfer and flow
performances in two-phase micro/mini-channel heat sink are not
clear. Hence, this issue is worth investigating. (3) To evaluate the
practical application value for the minichannel heat sink with
twisted tape, it is necessary to establish the application of ther-
mal management system integrated with the twisted tape inserted
minichannel heat sink, and to conduct 3-E analysis [50] for this
application in the future.
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Appendix A

According to Eq. (20), the uncertainties of Reynolds number
in the plain minichannel, pressure drop per unit length and heat

transfer coefficient can be calculated from the following equations.
Reynolds number in the plain minichannel:

2 2
5R€0 1 8Reo 3R€0
0 2= sus —9sD
RE‘Q REO (aum 8um> + < 8Dh g h
) 5172
Sllm 5Dh

+ | = Al
( Uin ) ( Dy, (A1)
where Su;,/u;, and 8Dy /Dy, can be obtained from Eq. (A2) and
Eq. (A3), respectively.
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Heat transfer coefficient:

2 2 2 H
d Rave a have a9 have
Shye 1 ( 3q 5") * ( W, 5W5> + (awch 5W°h>
have — have 0have : Ohaye g Ohave ?
+( 8Hch SHCh) +< aTW,aVe avaave> + (an,ave 8T£ave)

172

AN A Wa  \ 28Hg  \°
(?) * ( Wi )2 * <Wch +2Hch) 2+ (wch +2Hch) (A5)
() ()
Tw.ave — Tf,ave Tw.ave — Tt ave

where q = V:Oincp,m(TOut —Tin)/(WsLep); 8q/q, 6Ty, ave and BTf, ave
can be calculated by Eq. (A6), Eq. (A7) and Eq. (A8), respectively.
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