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Transient and steady-state heat transfer for forced convection of

helium gas in minichannels with various inner diameters
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University, 5-1-1, Fukaeminami-machi, Higashinada-ku, Kobe 658-0022, Japan

Abstract

An experimental research was carried out on steady-state and transient heat transfer
characteristics for forced convection of helium gas in minichannels. Platinum
minichannels with different inner diameters were heated by an exponential power
source with a wide range of e-folding time of heat generation rate and cooled by forced
convection of helium gas with different flow velocities, inlet temperatures, and inlet
pressures. The diameter effect of minichannels on the transient and steady-state heat
transfer was investigated. According to the results, the heat transfer coefficients were
improved with a decrease in the inner diameters of minichannels under both transient
and quasi-steady states. A significant enhancement was obtained by using a 0.8 mm
diameter minichannel. For the steady-state heat transfer, a new correlation was acquired
for the 0.8 mm diameter minichannel and the correlation of a 1.8 mm diameter
minichannel was appropriate for a 2.8 mm diameter minichannel. The influence of
Reynolds number on steady-state Nusselt number for the 0.8 mm diameter minichannel
was more significant compared with the 2.8 and 1.8 mm diameter minichannels. The
transient heat transfer correlations for the 0.8 and 2.8 mm diameter minichannels were

obtained by introducing Fourier number, respectively.
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Nomenclature

Ch

Cpg

dn
Fo

hst

Lipt

Lopt

Le

Nu
Nuyy
Piy
Pr

Qo

i
Vo
Re
Rs

thermal diffusivity of helium gas, m?/s

constant of Eq. (20)

inner surface area of experimental minichannel, m?

specific heat of experimental minichannel, J/(kg-K)

specific heat of helium gas at constant pressure, J/(kg-K)
inner diameter of experimental minichannel, m

hydraulic diameter, m

= at/d?, Fourier number

heat transfer coefficient, W/(m?*K)

steady-state heat transfer coefficient, W/(m?-K)

direct current, A

total length of experimental minichannel, m

distance from entrance pressure transducer to entrance of experimental
minichannel, m

distance from exit pressure transducer to exit of experimental minichannel,
m

effective length of experimental minichannel, m

= hd /A, Nusselt number

= hgd /A, steady-state Nusselt number

transient Nusselt number

inlet pressure, kPa

= v/a, Prandtl number

heat flux, W/m?

heat generation rate, W

heat generation rate per unit volume, W/m?

initial exponential heat generation rate per unit volume, W/m?
radius of experimental minichannel, m

inner radius of experimental minichannel, m

outer radius of experimental minichannel, m

= ud /v, Reynolds number

standard resistance, €2



Rr
Ro

Ta

Tin
Tou
T(r)
T
To

resistance of experimental minichannel, Q

resistance of experimental minichannel at 0 °C, QQ

time, S

temperature, K

average temperature of experimental minichannel, °C
mean bulk temperature of helium gas, K

inlet temperature of helium gas, K

outlet temperature of helium gas, K

temperature distribution of experimental minichannel, K
inner surface temperature of experimental minichannel, K
outer surface temperature of experimental minichannel, K
temperature difference between 7 and 7, K

flow velocity, m/s

volume of experimental minichannel, m?

voltage difference through standard resistance, V

voltage difference through experimental minichannel, V
unbalanced voltage difference of double-bridge circuit, V
constant of Eq. (4)

constant of Eq. (4)

thickness of experimental minichannel, m
thermal conductivity, W/(m-K)

kinematic viscosity, m?/s

density of helium gas, kg/m’

density of experimental minichannel, kg/m>

e-folding time of heat generation rate, s

1. Introduction

The global warming and energy shortage are the trend worldwide with the rapid
advance of society and economy. The nuclear fusion can provide a safe, CO, emission-
free, clean and virtually unlimited energy to achieve the sustainable development [1].
In the fusion reactor, around 80% of the fusion power generated from the tokamak is

collected by the tritium breeding blanket [2]. The high heat derived from the plasma is
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taken away by the forced convection of coolant in pipes of the blanket [3]. The
efficiency of fusion-to-thermal energy conversion can be increased by the heat transfer
augmentation in the forced convection through channels. The mini/micro channel,
classified with hydraulic diameters (dx) by Kandlikar [4] as shown in Table 1, provides
a large surface area for heat transfer within a given volume compared with a
conventional channel. According to the literature [5-7], the forced convective heat
transfer was enhanced in minichannels. The blanket using helium gas as a coolant and
a carrier of energy is widely acceptable as a candidate blanket [8]. Therefore, the
understanding of forced convective heat transfer for helium gas passing through
minichannels is considered to contribute to the thermal design of the helium cooled

blanket.

Table 1 The channel classification [4].

Conventional channels 3mm <dp
Minichannels 200 ym <dp <3 mm
Microchannels 10 pm < dj <200 um

A great number of studies on the steady-state heat transfer for forced convective
flow in minichannels have been reported. Bucci et al. [9] used three stainless steel tubes
with diameters of 0.172, 0.29, and 0.52 mm to experimentally investigate single-phase
heat transfer and fluid flow of water through capillary tubes. With a decrease in the
channel diameter, the experimental data were deviated more from classical correlations
for heat transfer. Li et al. [10] developed two heat transfer correlations for FC-72
flowing through small tubes in turbulent region. The correlation for the 2.8 mm
diameter tube was distinguished from that for 1 and 1.8 mm diameter tubes. Their work
supported the channel classification suggested from Kandlikar [4]. Naphon and
Khonseur [11] carried out a thermal-hydraulic experiment on forced convection of air
in rectangular micro-channel heat sinks. They found that the pressure drop and heat
transfer showed significant dependence on the micro-channel geometry configuration.
Further, some heat transfer enhancement techniques were applied to the minichannels.
Ho and Chen [12] experimentally investigated the heat transfer characteristics of
Al Os/water nanofluid in a rectangular minichannel heat sink with 1.2 mm hydraulic

diameter. They found that the average heat transfer coefficients obtained by using the



Al Os/water nanofluid were enhanced significantly compared with the pure water. Dixit
and Ghosh [13] used straight, diamond, and offset minichannels to experimentally study
the thermal-hydraulic characteristics for water in enhanced minichannel heat sinks at
low Reynolds number. Compared with the diamond minichannels, a relatively higher
Nusselt number was obtained by using the offset minichannels.

The plasma disruption is an off-normal event that causes severe damage to the in-
vessel components and shortens the lifetime of the tokamak [14]. The sudden high-
energy deposition on the plasma-facing components results in a transient high-thermal
load [15]. Therefore, the knowledge of transient heat transfer for tube flow of helium
gas is significant to the safety assessment of the helium cooled blanket. Compared with
steady-state forced convective heat transfer, the investigations on transient state are
relatively few. Abbrecht and Churchill [16] experimentally researched the fully
developed turbulent tube flow of air in the thermal entrance region with a step increase
in wall temperature. Soliman and Johnson [17] used an exponential heat source to
experimentally and analytically investigate the transient mean wall temperature of
forced convective flow over a flat plate. The measured heat transfer coefficient for
water was lower than the analytical solution. Prajapati et al. [18] performed an
experimental investigation on transient heat transfer performance for flow boiling and
single-phase flow of water in uniform cross-section and segmented finned
microchannels. The initial very high heat transfer coefficient had a sharp decline with
time in the transient state and reached the constant value in the steady state. Recently,
the experimental investigations on transient heat transfer for helium gas flowing over
various heating elements with various shapes and sizes were carried out in our previous
works [19-21]. The cylinders [19], flat plates [20], and twisted plates [21] were used as
test heaters and the heat inputs raised exponentially. The geometric and dimensional
effects of heaters on transient heat transfer were clarified and transient Nusselt number
correlations for different heater configurations were obtained.

To the knowledge of the authors, there are few experimental studies on steady-
state forced convective heat transfer of helium gas in minichannels. Especially, the
experimental investigations on transient heat transfer for helium gas in minichannels
heated with an exponentially increasing power are very rare. In the present research, an
experimental investigation was carried out on both steady-state and transient heat
transfer characteristics of helium gas flowing in different diameters minichannels using

an exponentially increasing heat input. The diameter-effect of minichannels on transient
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and steady-state heat transfer was clarified by the comparison of measured heat transfer
coefficients. The transient and steady-state heat transfer correlations were developed by

dimensionless parameters.

2. Experimental apparatus and methods

2.1. Experimental loop and test section

The transient experimental system in the present research consisted of three parts:
a heat input control system for exponential power escalations; a forced convection loop
for helium gas; a data acquisition and processing system. Two surge tanks, a gas
compressor, a vacuum pump, a flow meter, a cooler, pre-heaters, two filters and the core
component test section constituted the test loop, which was reported in our previous
works [22, 23]. The details of the experimental loop and test section are illustrated in
Fig. 1. The high pure helium gas was employed as test fluid and the compressor was
used for gas continuous circulation. The flow fluctuation was eliminated by the surge
tanks during the compressor running. The regulation of gas temperature was carried out
by the water-cooled cooler and pre-heaters made of heating wires. The flow meter was
utilized to measure the flow velocity and the by-pass loop was used to change the flow
velocity. At the compressor exit and flow meter entrance, the filters were installed to
prevent any small particles from causing flow block. The gas temperature and pressure
of the flow meter exit were measured by a K-type thermocouple and a pressure
transducer.

The experimental minichannels used in the present research were three platinum
tubes (d=0.8, 1.8, 2.8 mm; 6=0.1 mm; L = 100 mm) with a material purity of 99.99%.
Before installation, the thermal stress in the platinum tube was eliminated by means of
the anneal and the impurities on tube surface were removed by using an acetone
solution. The 5 mm parts of both ends of the platinum tube were inserted and soldered
to two copper plates. A variable power source provided a direct current to heat the
platinum tube through the copper plates serving as electrodes. The effective length (L.),
which means the part heated by the direct current, of the three platinum tubes was
around 90 mm. The entry length of each platinum tube was larger than 10 times of the
inner diameter to keep the flow hydrodynamically fully developed in the turbulent

regime [24]. For the thermal insulation from the surrounding environment, the platinum



tube was installed in a small cylindrical space enclosed with two Bakelite blocks that
also provided mechanical support. The platinum tube was thermally and electrically
insulated from the rest of experimental apparatus by two Bakelite plates. The silicon
sheets were used for seal in case of gas leakage. The K-type thermocouples and pressure
transducers were installed in inlet and outlet of the test section for temperature and

pressure measurement.

Surge tank
S

L

Gas cylinder 'i

Cooler

N
L

Main loop

By-pass loop

Compressor

Vacuum pump

Test section

higeatmel
Lip | L. | Lo [20] /

— Flow direction

@ Thermocouple

® Pressure transducer
CP Copper plate

BB Bakelite block

BP Bakelite plate

Fig. 1. The schematic diagram of the experimental loop and test section.

2.2. Data measurement method

The method for data measurement was reported in previous works [22, 23]. The
experimental minichannel served as a branch of the double-bridge circuit for the data
measurement with the method of resistance thermometry, as shown in Fig. 2. The
electric equilibrium was obtained before the electrical heating process. When the
experiment started, the temperature of the experimental minichannel increased due to
the direct electric current (/(¢)) passing through it. The heat generation rate of the
experimental minichannel (Q(#)) was controlled and measured by the heat input system

based on Joule heating:



Q) = Vr(®I(?) (1)
I(®) = Vi(t)/Rs 2)

where Vi(t) and Vr(¢) represent the voltage differences through the standard resistance
(Rs) and the experimental minichannel, respectively. The electric resistance of the
experimental minichannel (R7(¢)) increased with temperature causing the electric non-

equilibrium, as calculated with the unbalanced voltage difference (V(¢)):

_ Vr(®)(R2+R3) , RyR3
Ry (t) = HOUET) | 3

The instantaneous voltage signals of the Vi(¢), Vr(¢), and V1(¢) were simultaneously
amplified and passed to an A/D converter with a desired time interval. The conversion
time was 1 ps for one channel. By means of the previous calibration for temperature-
resistance relationship, the average temperature of experimental minichannel (7(¢))

was acquired as follows:

Rr(t) = Ro(1 + aT,(t) + BT () 4

DC
Power Source

Test minichannel

Fig. 2. The schematic diagram of the double-bridge circuit.

The heat flux on the inner surface of the experimental channel (¢(¢)) was calculated
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by an energy-balance equation:

q(t) = % (Q(t) — PrCh dTa(t)) )

dt

where Q(t), V, A, cx and pi denote heat generation rate per unit volume, volume, inner

surface area, specific heat and density of the experimental minichannel, respectively.
The instantaneous inner surface temperature of the experimental minichannel

(Ts(t)) was calculated by solving the next unsteady heat conduction formula with the

minichannel surface temperature being assumed as uniform:

aT 10 oT .
pelr =12 (rag) +0® (©)
The boundary conditions are shown in the following equations with outer surface

of the minichannel being assumed as adiabatic:

oT oT
q() = -5, o5 br=r, = 0
(7

Furthermore, the heat generation rate increased slowly with a long elapsed time
under a steady-state condition. Therefore, the Q(t) was approximated to Q as well
as q(¢) being approximated to g for the steady state [25]. The solutions of the 7 were
acquired by solving the next steady-state heat conduction equation associated with the

boundary conditions:

d’T | 1dT , Q _
o ®)
g=-1%| L —
dr T=T; dr T=To
©)

The average temperature (7,) and temperature distribution (7(r)) of the

experimental minichannel were given by:

N n2 e 2
T(r)=—%+%°1nr+c (10)
1 0
Ta = miiss; fr: 2mrT(r)dr (11)
where



C=T,— q— [4ro { r2 (ln T, — %) —rf (ln T — %)} — (- rﬁ)] (12)

4(r2-r?

Then, the inner (75) and outer (7s,) surface temperature of the experimental
minichannel were expressed as:
=T(r)=T, ——I" _ 2 {2 _\_,2 R | G e
T,=T(r) =T, e X [4r0 {ro (ln 7 2) T (ln T 2)} (ryf —; )]
qurz)/l (r? —2r21nr) (13)

2(r

Teo =T(,) =T, — # X [4r02 {roz (ln Ty — %) —7f (ln T — %)} -

o 4

(ro4 - ri4)] 2((17‘ roz)l (1 21n 7"0) (14)

The estimated maximum uncertainties of the Q, q, and Ts were £2%, £2.4%, and
+1 K, respectively [22, 23].
The outlet temperature of helium gas (7,./) was obtained by the next energy-

balance expression:

4Leq
Ucp,ghgd

Tour = Tin + (15)

where Tin, u, cp ¢ and pg are inlet temperature, average flow velocity, specific heat at
constant pressure, and density of helium gas, respectively. In addition, the mean bulk
temperature of helium gas (Tg) (= (T + Toue)/2) was used as the reference

temperature to evaluate all physical properties.

2.3. Experimental procedure and conditions

The whole loop was initially vacuumized by the vacuum pump and filled with
helium gas to a desired pressure. Then, the helium gas was pumped to circulate in the
loop by running the compressor. The helium gas before inlet of the experimental
minichannel was heated to a designated temperature by using the pre-heaters. The
heated gas departing from the test section was cooled in the cooler. By using the valves
of the by-pass loops, the flow velocity was changed in order. After the temperature,
pressure and flow velocity became stable, the heat generation rate of the experimental

minichannel (Q) was raised with an exponential function:

Q = Qo exp(t/7) (16)
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where Qo, t, and rrepresent initial heat generation rate, time, and e-folding time of the
heat generation rate, respectively. In case of tube burn out, the current was cut off
instantly when the tube temperature reached a pre-set value. When the 7 was smaller
than 0.1 s, the response time was fast. For the accuracy of experimental data, the
experiment was conducted three times under the same experimental conditions as 7was
smaller than 0.1 s. The heat transfer coefficient was the average value of these three

tests. Table 2 shows the experimental conditions in detail.

Table 2 The experimental conditions.

Inner diameters (d) 0.8, 1.8, 2.8 mm
Effective length (L.) 90 mm
Thickness (0) 0.1 mm

Inlet temperature (7;,) 285-313 K

Inlet pressure (Pin) 496-748 kPa
Flow velocity (u) 70-150 m/s
e-folding time (7) 0.04-15 s

3. Experimental results and discussions

3.1. The time-varying Q, g, AT and h

.
d: 0.8 mm
T 294K o 1°%°
L2r P_:724 kPa 13
1:38s ]
09 [ u:95mis 425

O (x10° Wm®)
(Jw/m 01x)b

(a) d=0.8 mm
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3-5_""I""I""I""I""I""_4
r d:2.8mm Q
3F T 301K 137
F P :704kPa 13
A2.5_— 1:0.155s
- u:72m/s 252
- 12 =
S ] =
> .
5 j1s 2
1
Jos
.'0
6

t/t
(b)d=2.8 mm
Fig. 3. The time-varying Q and g.

Fig. 3 shows the representative experimental data of measured @ and ¢ with time
elapsed for the experimental minichannels with different inner diameters of 2.8 and 0.8
mm. The Q increases exponentially with time accompanying with an exponential
increase in the ¢ with time. This phenomenon was confirmed to be obtained for all
experimental minichannels under different experimental conditions.

Fig. 4 shows the temperature difference between inner surface temperature of the
experimental minichannel and the mean bulk temperature of helium gas (A7) (= Ts —
T,) as a function of the #/z, and the instantaneous heat transfer coefficient (4) (= q/AT)
as a function of the #/7 under the same experimental conditions as Fig. 3. With an
exponential increase in the AT caused by the exponentially increasing ¢, the initial high
instantaneous / decreases to approach an asymptotic value. It can be understood that
this asymptotic value is in the fully developed thermal condition. It is found that the
asymptotic value is obtained under all experimental conditions and the region of the
asymptotic value is dependent on different experimental conditions. For the 0.8 mm
diameter minichannel under the 7 of 3.8 s, the asymptotic value is obtained after the AT
exceeds 15 K corresponding to the #/7of 3. For the 2.8 mm diameter minichannel under
the 70f 0.15 s, the asymptotic value is obtained after the AT exceeds 30 K corresponding
to the #/7 of 4.3. The present research focuses on this asymptotic value, thus it is

employed as a transient 4 for each 7under all experimental conditions.
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(b)d=2.8 mm

Fig. 4. The time-varying AT and A.

3.2. Heat transfer process under transient and steady states

15000

10000

=
S
BI\.)
|z
5000
— 10000
1 8000
6000 =
2
] B
4000 7=
2000

Fig. 5 (a) illustrates the variation of the # with 7varying from 0.08 to 15.3 s under

the u in the range of 102-142 m/s for the 0.8 mm diameter minichannel. The % varies

with 7ranging from 0.04 to 13.9 s under the u varying from 85 to 123 m/s for the 2.8
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mm diameter minichannel, as illustrated in Fig. 5 (b). Similar phenomena can be found
in both 0.8 and 2.8 mm diameter minichannels. The /4 is affected by both the u and the
7. A higher / is acquired by a higher u for each 7. With an increase in the 7 under the
same u, the & decreases from a higher value as the 7 is shorter than about 1.5 s and
becomes an approximately constant value as the zis longer than about 1.5 s.

For the 7over about 1.5 s, the effect of the zon the 4 is not significant as a result
of the thermal boundary layer being fully developed. It can be considered that the heat
transfer in this region is in a quasi-steady state. More obvious influence of the u# on the
h is found in this region. It is indicated that the heat transfer by convection through the
thermal boundary layer plays a dominant role in the quasi-steady condition. Further, the
h for the 7 over around 13 s can be defined as a steady-state /# due to a relatively long
response time.

For the 7 shorter than about 1.5 s, an increase in the # with a decline of the 7is
considered to be caused by a steeper temperature gradient and a thinner thermal
boundary with decreasing 7. The temperature increase in the experimental minichannel
is faster than the development of the thermal boundary layer [21]. It can be considered
that the heat transfer in this region is under a transient condition. The influence of the
u on the s becomes weak with decreasing 7 in this region. The contribution of

conductive heat transfer becomes larger with decreasing 7 under the transient state.

105 L LI RLL) | LA L ELLLL] | LR LL] |
d: 0.8 mm
o 142 m/s .
u O 128mis T, 294K
O 116 m/s P :726-742 kPa
2 102 m/s mn
7:0.08-153s
2
g 10} ) : 1
= 88 & o o '
- TTNEE
103 2 ' I.I“"Il EE— * .”“"I] 2
10° 10° 1 10 10
T(s)
(a) d=0.8 mm
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10 T LELELELLLL] | T LELELELRLLI | T LELELELLLLI | T
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w © 11 T,:305K .
0 98 m/s P :600-601 kPa |
& 85 m/s in
g 7:0.04-13.9s
2 8
N X O 0 ~~
g R A
g c.0m o oooao
= ANV A A A
103 TN T BT B
107 10” 1 10' 10°
T(8)
(b)d=2.8 mm

Fig. 5. The variation of the # with runder different u.

3.3. Comparison between the minichannels with different inner diameters

The & changed with 7 for d = 0.8 mm is compared with that for  =1.8 mm at the
same experimental conditions, as shown in Fig. 6 (a). It is obvious that the heat transfer
in the 0.8 mm diameter minichannel is significantly enhanced compared with the 1.8
mm under both transient and steady states. When the inner diameter of minichannel
decreases from 1.8 to 0.8 mm, the # is raised by 66.1% at the 7 of 15.0 s under the
steady state and 73.1% at the 70f 0.26 s under the transient state.

Fig. 6 (b) shows the comparison of the 4 changed with 7between d = 1.8 mm and
d = 2.8 mm. The 4 increases as the inner diameter of minichannel decreases from 2.8
to 1.8 mm, but the enhancement effect is not obvious under both transient and steady
states. For the steady state, the 4 for d = 1.8 mm is 6.7% higher than that for d = 2.8
mm at thez of 14.2 s. For the transient state, the increment of the 4 is 7.8% at the 7 of
0.15s.

The above result shows that the heat transfer enhancement for forced convective
flow of helium gas in minichannels can be obtained by decreasing the minichannel inner
diameters for both transient and steady states. It is supposed that the friction in the
minichannel becomes stronger and the conductive sublayer near the inner surface of
minichannel becomes thinner as the inner diameter of minichannel decreases [10].

15
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Fig. 6. The comparison of the 4 between the experimental minichannels with different

inner diameters under various .

3.4. Correlation for the steady-state heat transfer

The heat transfer correlations of steady-state experimental data for d = 0.8 mm and

d = 2.8 mm are developed with reference to the correlation for d = 1.8 mm in the

previous work [22]. As mentioned in the Section 3.2, the 4 for the 7 over about 13 s is

16



defined as the steady-state 4 (/). The steady-state Nusselt number (Nuy) (= hged /1),
Renolds number (Re) (= ud/v), Prandtl number (Pr) (=v/a), and temperature
correction factor (7y/Ty)*? are introduced for the correlations. The correlation of steady-
state heat transfer for d = 1.8 mm is used for comparison as shown in the following

equation [22]:
Nug = 0.0333Re0'8Pr0'4(Ts/Tg)‘O'5
(d: 1.8 mm; Re: 5000-16000; deviation: £10%) (17)

The steady-state heat transfer correlation for d = 0.8 mm is obtained from the

experimental data of the present work as follows:

Nug = 0.0203Re®Pr4(T,/T,) "%
(d: 0.8 mm; Re: 2400-5200; deviation: £10%) (18)

Fig. 7 shows the experimental data of Nuy/Pr**/(Ty/Tg) "> versus Re for d = 2.8
mm and d = 0.8 mm and steady-state heat transfer correlations for d = 1.8 mm and d =
0.8 mm. As illustrated in this figure, the measured data for d = 2.8 mm (8350 < Re <
15350) agree well with Eq. (17) in the turbulent region. Further, the measured data for
d = 2.8 mm lie in -10% deviation of Eq. (17). It is attributed to that the 4 for d = 2.8
mm is slightly lower than that for 4 = 1.8 mm under the steady state, as mentioned in
the Section 3.3. However, it can be considered that there is no significant difference
between the inner diameters of 2.8 and 1.8 mm for the steady-state heat transfer of
helium gas flowing in minichannels.

On the other hand, the measured data for d = 0.8 mm are depicted well by Eq. (18)
within a deviation of £10%, as illustrated in Fig. 7. The measured data for d = 0.8 mm
as Re surpasses 5000 are obviously higher than those predicted by Eq. (17) used for d
= 1.8 mm. By comparing the measured data for d = 2.8 mm and d = 0.8 mm with the
steady-state heat transfer correlation for d = 1.8 mm, it is reconfirmed that the steady-
state heat transfer for helium gas flowing in minichannels is enhanced as the inner
diameter decreases. Further, the exponent of Re for Eq. (18) is 0.9, which is higher than
0.8 for Eq. (17). It means that the effect of Re on Nuy for d = 0.8 mm is stronger than
that for d =2.8 mm and d = 1.8 mm.

17
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Fig. 7. The correlations for the steady-state heat transfer in the minichannels.

3.5. Correlation for the transient heat transfer

To understand transient heat transfer characteristics for forced convective flow of
helium gas through the minichannels, a dimensionless parameter Fourier number (Fo)

is used for analysis in the present research, as given by:
Fo = at/d? (19)

where a is the thermal diffusivity of test fluid. Fig. 8 illustrates that Nu decreases from
a higher value and approaches a constant value with an increase in the Fo for each Re.
The variation trend of the relationship between /4 and 7 for various « shown in Fig. 5 is
depicted well by the relationship between Nu and Fo for various Re at the same
experimental conditions. For d = 0.8 mm, the quasi-steady-state and transient heat
transfer can be distinguished at the Fo of around 87 (corresponding to the 7 of about
1.5 s). And, the Fo of around 7 is corresponding to the 7 of about 1.5 s for d = 2.8 mm.
The Nu increases with a decrease in the Fo under the transient state. The Nu is not

dependent on the Fo under the quasi-steady state.
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Fig. 8. The relationship between Nu and Fo for various Re.

The relation of transient Nusselt number (Nu;) versus Nuy for d = 1.8 mm was
correlated by using Fo in the previous work [23]. The experimental data for = 0.8 mm
and d = 2.8 mm can be correlated by the same way. Fig. 9 shows that the relationships
between the ratio of Nu,/Nuy and Fo for transient heat transfer of helium gas flowing

in minichannels are correlated by the next equation:
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Nug,/Nug = 1+ bFo™1° (20)

where b is a constant dependent on the minichannel inner diameters. The values of b
are 8.11, 0.362 [23], and 0.057 for d = 0.8 mm, d = 1.8 mm, and d = 2.8 mm,
respectively. The deviations of the correlations for d = 2.8 mm and d = 0.8 mm are +20%
and £15%, respectively. As Fo is larger than about 7 for d = 2.8 mm and about 87 for
d = 0.8 mm, the approximately constant value of Nu,/Nus: shows the quasi-steady-state
heat transfer characteristics that are dominated by the convective heat transfer. Under
the transient state as Fo is smaller than about 7 for d = 2.8 mm and about 87 for d = 0.8
mm, the ratios of Nu,/Nus: start to increase with decreasing Fo. It is indicated that the
contribution of conductive heat transfer start to increase with decreasing Fo under the
transient state. Further, it can be considered that the boundary distinguishing between
quasi-steady-state and transient heat transfer is obtained at a larger Fo with a decrease

in the inner diameters of minichannels.
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Fig. 9. The correlations for the transient heat transfer in the minichannels.
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4. Conclusions

The heat transfer process under transient and steady states for helium gas flowing
in minichannels with different inner diameters was experimentally investigated. The
helium gas was utilized as test fluid and platinum minichannels were used as test tubes.
The heat input increased exponentially with time. The results of the present work are
shown as follows:

(1) The heat transfer coefficients under both transient and quasi-steady states increased
with a decrease in the inner diameters of minichannels at the same experimental
conditions. The difference on heat transfer coefficients between 1.8 mm and 2.8
mm diameter minichannels was not obvious but significant between 0.8 and 1.8 mm
diameter minichannels.

(2) For the steady-state heat transfer, a correlation for the 0.8 mm diameter minichannel
was acquired by the measured data of the present work. The measured data of the
2.8 mm diameter minichannel were within -10% deviation of the correlation for the
1.8 mm diameter minichannel. Compared to the 1.8 and 2.8 mm diameter
minichannels, the Nusselt number was more dependent on Renolds number in the
0.8 mm diameter minichannel under the steady state.

(3) For the transient heat transfer, the correlations for the 0.8 and 2.8 mm diameter
minichannels were developed by using Fourier number. As the inner diameters of
minichannels decreased, the boundary distinguishing between quasi-steady-state

and transient heat transfer was obtained at a larger Fourier number.
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