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The heat transfer coefficients of single-phase fluids in the laminar flow regime have been studied for dec-
ades. However, inconsistent results are found in the literature. The common finding is that the Nusselt
number is dependent on the Reynolds number in the laminar flow regime, which is contrary to laminar
flow heat transfer theory. Recently, researchers indicated that axial conduction in the wall of the
microchannel can affect the measurement. However, there have not been thorough studies that demon-
strate consistency or lack thereof between experiment and theory. This study provides an experimental
investigation on heat transfer performance of gaseous and liquid nitrogen flow through microchannels
with hydraulic diameters of 110 um and 180 um. A model has been developed to investigate heat trans-
fer in a microchannel from which analysis shows that the temperature profile of the fluid and wall change
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Single-phase non-linearly along the length of the microchannel when the flow rate is low (e.g., Re < 1000). The non-
Laminar flow linear temperature profile conflicts with the assumption of a linear temperature profile commensurate
Micro-scale with the traditional Nusselt number estimation method, which leads to dependency on the Reynolds

number. Comparison between the experiment and numerical model of the present work validates the
conclusion that the heat transfer coefficient is uniform within the laminar flow regime (Re < 2000) for

microchannels.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

As microscale cooling devices are developed, the heat transfer
characteristics of the fluid in the microchannels become important,
with typical dimensions from 10 pm to 1 mm [1]. Microscale heat
exchangers can be developed with micro-fabrication processes,
which can have an extremely high heat transfer surface area per
unit volume, a higher heat transfer coefficient, and a low thermal
resistance. Heat transfer correlations are required to design such
a heat exchanger; however, conventional forced convection heat
transfer correlations were based on tubes with macro-scale dimen-
sions. The development of heat transfer coefficient correlation for
microchannels is still on-going, and has become more important
due to the rapid growth in microscale cooling technology applica-
tions [2-4]. However, a heat transfer coefficient correlation for

* Contributions of NIST, not subject to copyright in the United States.

* Corresponding author at: Launcher Propulsion System Team, KSLV-II R&D Head
Office, Korea Aerospace Research Institute, 169-84 Gwahak-ro, Yuseong-gu, Dae-
jeon 34133, Republic of Korea.

E-mail addresses: sbaek@kari.re.kr (S. Baek), pbradley@nist.gov (P.E. Bradley),
radebaugh@nist.gov (R. Radebaugh).

https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.145
0017-9310/© 2018 Elsevier Ltd. All rights reserved.

single-phase fluid flow in the laminar regime has not been
developed.

Various groups have performed experimental and theoretical
studies of single-phase fluid heat transfer in microchannels [5-7],
but discrepancies exist among measurement results and various
correlation approaches. Wu and Little [8] first measured the heat
transfer coefficients of nitrogen gas flowing through micro-heat
exchangers. The microchannels were prepared on silicon sub-
strates by photolithographic technique. The hydraulic diameters
of the trapezoidal microchannels were from 134 pm to 165 pm.
In the laminar regime the Nusselt numbers decreased as Reynolds
numbers decreased to lower values (Re < 1000). Later, Choi et al.
[9] presented experimental data correlating Nusselt numbers with
Reynolds number ranging from 50 to 10,000 in microchannels (D,
=9.7 um, 53 um, and 81.2 pm). The microchannels were silica
tubes with a thin polymide coating over the outer surface of the
tube. They found the Nusselt numbers to be lower than theoretical
values at low Reynolds flow (Re < 2000), and they proposed new
correlations for the average Nusselt number for laminar flow. The
correlation proposed by Choi et al. [9] did not agree with the exper-
imental data by Wu and Little [8], however.

Peng and Peterson [10] measured heat transfer coefficients for
water flow in microchannels. The rectangular microchannels were
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Nomenclature

A heat transfer area (m?)

Ac cross sectional area of fluid flow (mz)
B total bias error

Cp heat capacity (J-kg™'-K™1)

Dy, hydraulic diameter (m)

D; tube inside diameter (m)

f friction factor

G mass flux (kg-s~'-m~2)

h heat transfer coefficient (W-m~2.K™1)
i enthalpy (J-kg™!)

k thermal conductivity (W-m~1.K™1)

K loss coefficient

L

length (m)
m mass flow rate (kg-s!)
N number of data
Nu Nusselt number
p pressure (Pa)
q heat rate (W)
q” heat flux (W-m~2)
Re Reynolds number
S standard deviation
T temperature (K)
tosy T-distribution for a confidence level

th thickness (m)
u uncertainty

X length of certain point (m)
Subscripts

a acceleration
app apparent

exp experimental
f fluid, frictional
h heating length
in inlet

out outlet

t total

w wall

X position

Greek letters

2 axial conduction parameter
viscosity (Pa-s)

density (kg-m~3)
contraction ratio

Q™=

machined into a stainless steel plate with hydraulic diameters
ranging from 150 pm to 343 pum. The dependency of the Nusselt
number on the Reynolds number was found for Reynolds numbers
less than 2000. They proposed an empirical correlation based on
the geometric shape of the rectangular microchannel. Qu et al.
[11] measured heat transfer characteristics of laminar water flow
in microchannels composed of Pyrex and silicon. The experimen-
tally derived Nusselt numbers were lower than the theoretical val-
ues, from which they concluded that the Nusselt number was
related to the surface roughness. Celata et al. [12] estimated Nus-
selt numbers for R114 flowing in stainless steel microchannels,
and also observed a reduction of the Nusselt number for the lam-
inar flow regime. While Nusselt number appears to depend on Rey-
nolds number for Reynolds flow less than 2000 in microchannels,
none of the studies provided a clear explanation of the factors con-
tributing to the observed reduction, and a general correlation has
not been developed.

In a later work, Maranzana et al. [13] proposed an analytical
heat transfer model to include the effect of axial conduction along
the microchannel, and were able to describe temperature profiles
that change non-linearly along the channels. This non-linearity
led to a very large bias in the experimental estimation of the heat
transfer coefficients, especially for low Reynolds numbers. How-
ever, precise experimental verification did not accompany the
model simulations. Hetsroni et al. [14] noted that axial conduction
in the wall can be significant for laminar flow. Morini et al. [15]
compared Nusselt values from a thick wall microchannel to a thin
wall microchannel to explain the axial conduction effect on the
measurement, but the experimental data were insufficient to
explain the reduction of the Nusselt number. Lin and Kandlikar
[16] derived an equation to investigate the reduction of the Nusselt
number by the 1st law of thermodynamics. The proposed equation
was compared to available experimental data, and it was con-
cluded that the reduction of the Nusselt number is related to the
axial conduction effect.

In summary most recent studies showed significant discrepan-
cies among experimental results and theoretical predictions. Based
on recent work, consideration of the effect of axial conduction in
microchannels appears to be important, but to the knowledge of

the authors, direct comparisons between simulation and experi-
mental work are not available. In the previously discussed work,
the traditional Nusselt number estimation method was adopted.
The traditional method measures the wall temperature at the mid-
dle of the heating section, and the inlet and outlet fluid tempera-
tures. The fluid temperature at the middle of the heating section
is calculated from the inlet and outlet fluid temperatures. It is
interesting that such discrepancies are generated within similar
experiments.

The purpose of this study is to highlight the discrepancies of the
traditional heat transfer coefficient measurement of laminar flow in
microchannels with the linear fluid temperature profile assumption.
In this paper, the heat transfer coefficients of liquid and gaseous
nitrogen are measured with the linear fluid temperature profile
assumption. Those experimental data will be compared to the heat
transfer model including the axial conduction effect. The compar-
ison will provide a clear explanation of how the reduction of the Nus-
selt number is derived. In the end, the evidence of a constant Nusselt
number in the laminar flow for microchannels will be provided.

2. Experimental method

The heat transfer characteristics of the gas and liquid nitrogen
are examined in the microchannel. The closed-loop experimental
setup enabled steady flow rate, continuous temperature and pres-
sure measurement across the microchannel. The GM-cryocooler
produced the lower temperature, which liquefies gaseous nitrogen
in the closed-loop setup. The most complicated part was winding
the heater and attaching thermometers on the microchannel. The
following section describes the experimental setup and data reduc-
tion method.

2.1. Experiment setup

Fig. 1 displays a schematic of the experimental setup for the
heat transfer coefficient measurement of a fluid in a microchannel.
The closed-loop setup including a compressor, a microchannel test
section, the GM-cryocooler, and a vacuum chamber is utilized for
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Fig. 1. The schematic of the experimental setup.

the experiment. The air-cooled, oil-less compressor is located out-
side the vacuum chamber. Compressed nitrogen from the com-
pressor passes through the recuperator, then along the 1st stage
of the GM-cryocooler. After passing the microchannel, it goes to
the recuperator. The recuperator is a custom counterflow heat
exchanger fabricated with copper tubes to reduce the heat load
on the GM cryocooler. Finally, the nitrogen fluid returns to the
compressor.

The test section assembled from the microchannel, heater, and
several thermocouples is inserted in the test system. Table 1
describes the specifications of two microchannels for the experi-
ment. Fig. 2(a) shows a schematic and Fig. 2(b) shows a photo of
the assembled microchannel with heater. The material from which
the microchannel is fabricated is stainless steel 304, although other
materials can be used. Five E-type thermocouples are soldered to
the microchannel wall prior to winding the heater. Thermocouples
are soldered at the 25%, 50%, and 95% positions along the length of
the heater to measure the wall temperature of the microchannel.
The remaining thermocouples are soldered to the inlet wall and
outlet wall of the microchannel to measure the inlet/outlet tem-
peratures of the fluid.

Because the size of the thermocouple reference junction is lar-
ger than the inner diameter of the tube, thermocouples cannot
be installed in the flow stream inside the microchannel. The inlet
and outlet wall temperatures are assumed to be the same as the
temperature of the fluid at these locations. The surface of the
microchannel is cleaned with acetone after soldering the thermo-
couples in place. A thin layer of thermal grease is applied to the

surface of the microchannel to improve the thermal contact
between the heater wire and the microchannel. The heater is Eva-
nohm wire. The heater wire is 120 pum in diameter. Once the heater
wire is affixed, a conductive epoxy is applied to secure the assem-
bly of the heater, microchannel, and thermocouple. The
microchannel assembly is soldered to the metal gasket fittings that
connect to copper tubes (6.35 mm OD) in the closed loop. The hea-
ter wire is electrically insulated, so there is no electrical shunt to
the thermocouples or microchannels.

Fig. 3 shows a scanning electron microscopy (SEM) image of the
microchannel. The inner and outer diameters for microchannels
are indicated in Table 1. The roughness of the microchannel,
although evident in the SEM image, was not measured in this
study. The roughness effect has been known to be negligible for
heat transfer in the laminar regime [17].

For thermal isolation of the test section, vacuum insulation is
applied to the experimental setup. The test section is installed in
a vacuum chamber maintained to better than 10~ torr by a turbo-
molecular pump. The microchannel assembly is surrounded by a
thermal radiation shield that is heat sinked to the 1st stage of
the GM-cryocooler. The mass flow meter resides in the return
stream to measure the flow rate of the circulating fluid. The flow
rate in the closed loop is adjusted by a throttling valve at the
bypass loop near the compressor. Pressure transducers are located
at the entrance and exit of the microchannel to measure the pres-
sure drop across the microchannel. Heating input to the
microchannel is measured from the voltage and current supplied
to the heater.

Table 1

Specifications of the stainless steel microchannel.
Microchannel Inside diameter (pm) Outside diameter (pm) Total length (mm) Heating section length (mm) Din/Dout
Dy =180 um 180 +2 380+2 90 30 047
Dp=110 um 1102 310+2 80 30 0.35
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Fig. 3. The SEM image of the microchannel (a) Dy = 180 um, and (b) Dy, = 110 um.

The additional heating elements are attached to the 1st stage of
the GM cryocooler to control the temperature of the nitrogen fluid
entering the microchannel. For the cryogenic experiment, the GM-
cryocooler is turned on to lower the temperature of the setup. After
a period of time, current is applied to the heating elements by PID-
controlled power supplies to stabilize the setup to the targeted
temperatures of 70 K and 150 K. Data acquisition is accomplished
by Labview™ software coupled through a personal computer to col-
lect the temperature, pressure, flowrate, and power input values to
the microchannel.

2.2. Data reduction
The heat transfer coefficient of the fluid in the microchannel is

estimated by the traditional method, as described by Maranzana
et al. [13], Morini et al. [15], and Yang et al. [18]. The heat transfer

rate g, is measured from the DC power input deduced by the cor-
responding calibrated heat loss. The results equal the increased
enthalpy of the nitrogen flow. Usually it is assumed that the heat
is added uniformly along the tube surface. Therefore, the local fluid
temperature, Ty, at a position x from the heating entrance can be
estimated by the assumption of a linear temperature profile along
the inside of the channel:

X i .. .
qrh =mey(Trx — Tin) = M(ix — i), M

where 1 is the mass flow rate, ¢, is the heat capacity of the fluid, L,
is the channel heating length, and T;, is the inlet temperature. The
term i is the enthalpy at each position, which can be estimated from
an equation of state from the measured temperature and pressure.
Because the fluid temperature profile is assumed linear, the fluid
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temperature at the middle position of the channel can also be esti-
mated from the inlet and outlet temperatures as follows:
Trin+ T,
Tison = M (2)
From Newton'’s law of cooling, the following equation is derived
as

qn :% = (Tux — Try). (3)

Therefore, the local heat transfer coefficient h at a certain posi-
tion x can be derived as

hy=d 4
* A(Tw.x - Tf,x) ( )
where A is the heat transfer area, A = ©D;L;,, and D; is the inside
diameter of the tube. The term T, is the inside local tube surface
temperature that can be inferred from the thermocouples located
outside the tube. The Reynolds number is defined as follows:
GD
_h (5)
n
where G is the flow mass flux defined as G = ri1/A, A is the cross-
sectional area of flow in the tube, and the viscosity (ft) of the fluid is
the average value corresponding to the inlet and outlet. The viscos-
ity is calculated from REFPROP [19]. The Nusselt number is defined
as

Re =

h,Dy,
ke

Nuy = (6)

where k; is the thermal conductivity of the fluid, which is the aver-
age value from the inlet and outlet of the microchannel. The data
are gathered every few seconds and time-averaged for a minute.
The uncertainty of the measured data is determined with Eq. (7)
[11], where B is the total bias error, N is the total number of data,
and S is the standard deviation of the data. tgsy is 2.000 in this case.

S
U= Bz + <t95% W) (7)

Table 2 shows the error of the measurement and the total
uncertainty of the Nusselt number. The experimental results show
an uncertainty of around 7%.

3. Experimental results and discussion

The analysis of experimental measurements such as mass flow
rate, temperature and pressure has been conducted to calculate
friction factors and Nusselt numbers. These values compared to
the theoretical values.

3.1. Friction coefficients

The pressure drop across the channel is measured to find fric-
tion factors for microchannels. The comparison of experimental
and theoretical friction factors can distinguish the roughness
effect, and confirm the validity of the macrochannel theory to

Table 2

Characteristics and uncertainties of the measurement instruments.
Measurement Range Error
Temperature 77-300 K +0.1K
Pressure 0-1 MPa +0.5%
Mass flow rate 0-500 sccm +0.5%
Total uncertainty ~7%

microchannels. The total fluid flow pressure drop, Ap,, is measured
at the condition of no added heat input. The frictional pressure
drop Apy. is evaluated by subtracting the inlet, exit, and accelera-
tion terms from the measured total pressure drop:

Apf = Apt - Apin - Apout - Apa' (8)

The pressure losses at the inlet Ap;, at the exit Ap,, and the
acceleration term Ap,. are calculated by following relations sug-
gested by Kays and London [20]:

GZ
Apy =5 (1- 0+ Ki), 9)
in
GZ
Apout = T(l -0’ + Kuut)a (10)
out
5 (o)
Ap, = 1. 11
P 2pin Pout ( )

The term ¢ is the test section connector’s contraction ratio and
Ki,, and K, are the entrance and exit loss coefficients which are
obtained from Kays and London correlations [20]. The experimen-
tal Fanning friction coefficients are derived directly from

_ pDuAp;
2G°L
Fig. 4 displays the measured Fanning friction factors at various
Reynolds numbers. The measured inner diameter from the SEM is
used as the hydraulic diameter in Eq. (12). The theoretical friction
factor in the laminar flow regime is also plotted in Fig. 4. The the-
oretical friction factor for the laminar flow can be calculated from

f

(12)

16
ftheory = ﬁ (13)

The comparison results between the experimental and theoret-
ical friction factors show good agreement. The comparison also
implies that the roughness effect is negligible.

3.2. Nusselt numbers

The heat transfer coefficient for nitrogen flow in the microchan-
nel is estimated from the measured wall temperature at the middle
of the heated length (T s50%.ex ), and the fluid temperature at the
middle of the channel (Tfso%), which is calculated with Eq. (1)
derived under the assumption of a linear temperature profile when
wall thermal conduction is ignored. Fig. 5 displays the estimated
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Fig. 4. The Fanning friction factor of the microchannel.
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Fig. 5. Experimental Nusselt number based on the traditional Nusselt number
estimation.

Nusselt numbers using this assumption according to the various
Reynolds numbers for different microchannels and temperatures.

The results for D, = 180 um are indicated as red hollow figures.
For the gas experiment around 300 K, the inlet temperature is
maintained at approximately 296 K. The estimated Nusselt num-
bers become as small as 0.01 when the Reynolds number is
decreased to 10. The Nusselt number results show similar values
to a theoretical value of 4.36 for Reynolds numbers between
1000 and 2000. For Reynolds numbers larger than 2000, the Nus-
selt number increases because it follows the heat transfer charac-
teristic consistent with turbulent flow. These results are consistent
with previous results from Morini et al. [15], Wu and Little [8],
Celata et al. [21], and Choi et al. [9], which show Nusselt number
dependences on the Reynolds numbers for the laminar flow
regime.

Heat transfer measurements were also made around 150 K with
the 180 um tube. For these cases, the inlet temperature is main-
tained at approximately 110K, which results in an average of
~150 K along the microchannel. For the gas experiment at 150 K,
the Nusselt numbers show values similar to those estimated at
300 K. The physical property change of nitrogen is small between
150 K and 300 K, however. Thus, there is no significant difference
between these two experimental results at 150 K and 300 K.

The Nusselt numbers with liquid nitrogen flow in the
microchannel are also estimated for D, = 180 um. In this instance,
the inlet temperature is maintained at 67 K which gives an average
of ~70 K for the microchannel. Estimated Nusselt numbers are dis-
played in Fig. 5, and they tend to show a theoretical value of 4.36
when the Reynolds number is larger than 100. When the Reynolds
number is less than 100, the measured Nusselt numbers decreased
to 0.6 as Reynolds numbers decreased to 20. The reduction of Nus-
selt numbers with liquid flow is also found in the literature. Het-
sroni et al. [22] also observed such a behavior with water flow in
microchannels. However, the estimated Nusselt numbers show
significant differences from those with gas experiments.

Another set of experiments has been performed with the Dy, =
110 pum tube at 70 K, 150 K and 300 K. For the 300 K experiment,
the Nusselt numbers show lower values than for the D, = 180 pm
tube. The 150 K experimental results for D, = 110 pm show slightly
higher values than those at 300 K; however, the difference is small
as shown in Fig. 5. The Nusselt number for liquid nitrogen for Dy, =
110 pm tube shows an almost identical trend as with the D, = 180
pm tube for which a nonlinear relation is observed. The estimated
Nusselt numbers from experiment show a theoretical value of 4.36
compared to a Reynolds number of 100, and Nusselt numbers
decrease to 0.4 when the Reynolds number is 10.

The major difference between the two microchannels is the
ratio of inner and outer diameters. The Dy =110 pm tube has a
thicker wall than the Dy = 180 pm tube. This difference may cause
the Nusselt number difference in the gas experiment. Previous
researchers mentioned axial conduction effects in heat transfer
measurements [13,15,23]. They explained that the fluid tempera-
ture profile becomes non-linear due to the axial conduction effect.
Therefore, an inconsistency exists between reality and assump-
tions during the data reduction process. Maranzana et al. [13]
employed an analytical solution that showed the temperature pro-
file becomes non-linear. However, a direct comparison with exper-
iment was not performed. In the next section, a model is developed
to simulate the heat transfer in the microchannel in the presence of
tube axial conduction.

4. Modeling of heat transfer in microchannels

4.1. Development of heat transfer model with axial conduction: a
numerical approximation

A simulation model has been developed to describe heat trans-
fer phenomena in microchannels. A one-dimensional microchan-
nel heat transfer model that includes the axial conduction effect
was developed in MATLAB™. The model is composed of a fluid
channel and two surrounding walls, as displayed in Fig. 6. The
numerical technique proceeds by identifying control volumes
and placing nodes at locations for which the temperature will be
predicted. One arrangement of nodes and control volumes is
shown in Fig. 6. The numerical solution is enabled by carrying
out an energy balance on each of the control volumes identified
in this figure. The governing equations are developed for an energy
balance based for (1) fluid streams and (2) channel walls, respec-
tively, Egs. (14) and (15), as follows:

. dT hA hyA

ey gt = (M) 0 - T - ()M - T (19
d dT.:\ | d dT;\ . dT}

a <kw,1Ac,w,1 W) + a (kw.ZAc,W.Z W) - mcpa (15)

The numerical scheme for a similar heat transfer model with
axial conduction is fully described by Nellis and Klein [24], and
Baek [25]; thus, only important details will be highlighted in this
paper. The model inputs are as follows:

heat transfer coefficients between the wall and fluid (h)
thickness (th,,) and thermal conductivity (k) of the wall

- mass flow rate (), inlet temperature (Tj,), heat capacity (cp),
and thermal conductivity (k) of the fluid

channel height (D), width (W), heated length (L)

heat transfer area (Ayr), and cross-sectional area of channel (A,
w) calculated from the channel geometry

- heat input to the channel (q)

The pressure drop in the microchannel is neglected in this
numerical model, because the thermophysical property differences
are negligible for the pressure change in laminar flow. The thermal
resistance of the metal and fluid is also neglected. The axial con-
duction in the fluid is ignored where it is relatively negligible com-
pared to the axial conduction through the metal heat transfer
medium. The heat capacity (c,), thermal conductivity (k;) of the
fluid assumed to have constant values in the microchannel. The
heat transfer coefficient (h) is assumed to be constant throughout
the channel.

The output results from the microchannel heat transfer model
are the temperature profiles of the fluid and the wall. Because
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Fig. 6. Finite element heat transfer model in the microchannel.

the inlet and outlet temperature are solved from the model, the
identical data reduction procedure from Section 2.2 can be applied
to derive a Nusselt number. For estimation of the Nusselt number,
the calculated wall temperature at 50% of the channel length is
used, and the fluid temperature is calculated with Eq. (2).

This model is compared to available literature results to vali-
date its applicability under different operating conditions. Results
from the present model are compared to solutions from Maranzana

5 T T T T T T T
4|
< 3
2
2
2
- - -Lin & Kandlikar
1+ —— Maranzana E
O Present study
0 N ! ! ! ! ! ! !
0 50 100 150 200 250 300 350 400

Re

Fig. 7. Comparison of calculation between the present model and preceding results
for a case in which wall thermal conduction cannot be neglected at low Re.

et al. [13] and Lin et al. [16] (Fig. 7) for water flow in a 100 pm
channel formed by two 10 mm long and 500 pum thick silicon
blocks. The thermal conductivity of the material is set as
ko= 135W-m "K' and the thermal conductivity of water is
ke = 0.63 W-m~'.K"'. The channel is heated by a 30 kW'm 2 heat
flux on one wall, and the other wall has an adiabatic boundary con-
dition applied. A uniform heat transfer coefficient is assumed, from
the constant Nusselt number of 4.12 for the rectangular channel.

Fig. 7 shows the numerical simulation results for the apparent
Nusselt number by Maranzana et al. [13] and Lin & Kandlikar
[16] plotted as Nusoy versus Re. The present model is also plotted
in Fig. 7. Present model results agree well with the analytic solu-
tion of Maranzana et al. [13].

4.2. Model calculation results

The numerical model is used to demonstrate heat transfer for
the microchannel used for the experiments. The geometry and
property values used in the model are summarized in Table 3.
The heat transfer coefficient between the wall and the fluid is cal-
culated for a Nusselt number of 4.36. A uniform heat transfer coef-
ficient to the wall is assumed and applied to the model, as the
study by Maranzana et al. [ 13] did. An axial conduction parameter
is introduced here to demonstrate the effect of axial conduction to
the temperature profile of the wall and fluid. The axial conduction
parameter A is defined from the heat exchange length (L), cross
sectional area of the wall (A,,), the thermal conductivity of the wall
(kw), and the heat capacity rate (riic,) in the following equation:
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Table 3

Model input.
Geometry and property Value
Diameter of the channel Dy =180 pm, 110 um
Width of the channel W=Dp2*1
Thickness of the wall thyy = 100 pm

kw=16 W-m '.K~! @ 300 K
kw=10W-m K '@ 150 K
kw=6W-m '.K' @ 70K
ke=0.025W-m~.K~! @ 300 K
ki=0.014W-m "K' @ 150 K
ke=0.145W-m K ' @ 70K
ft=17 x107° Pa-s

ft=10 x107° Pa-s

[t=164.95 x 107° Pa-s
cp=1047 KJ-kg 1K !
cp=1089 kJ-kg 1K !
cp=2024KkJ-kg "K!

Heat input to wall 0.1W

Nusselt number Nu =436

Thermal conductivity of wall

Thermal conductivity of fluid

Viscosity of fluid

Heat capacity of fluid

7 = K (16)
Lymc,

Fig. 8(a) and (b) show the temperature profiles of the wall and
the fluid in the microchannel for two different case studies. The
temperature profiles are non-dimensionalized with respect to the
fluid inlet and outlet temperature as expressed in

Tx(wullorﬂuid) - Tf.in
T(®)= T T 17)
fout — Lfin
(@) 12 ; ; : :
Re=1987
10l Nu, =397
9 0.8k w,actual = i
o
=}
§ 0.6 | g
8 04 AT:Tf,actuaV_Tf,hnear
§ ¢ —e—Wall 18 2 for 2=0.016 |
= —=— Fluid for 2=0.016
02F i
o Wall 1 &2 for 2~0
-+-o- Fluid for 2~0
0.0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Length (x/L)
(b) 12 -
Re=221
1.0+ Nuapp=0.52
@ 08 e
e w,actu: p g
% 06 i
e O""."( AT:T !ua_T linear
8_ /./.'../_)37 factual i
g 04r 8 —e—wall 1&2for2=0.152 1
[ e —=— Fluid for 1=0.152
|_ ot
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Length (x/L)

Fig. 8. Simulated temperature profile of wall and gaseous nitrogen in the
microchannel (a) when the axial conduction effect is small (4=0.016), and (b)
when the axial conduction effect is large (1 =0.152).

Fig. 8(a) shows the temperature profile of the wall and fluid
when Re = 1981, and the axial conduction parameter (1) is 0.016.
This case simulates a nearly transitional flow condition with a very
small axial conduction effect. Usually, the axial conduction effect
can be considered negligible if the conduction parameter is less
than 0.01 [26]. When the axial conduction effect is completely neg-
ligible (1 ~ 0), the temperature profile of the wall and fluid exhibit
a perfect linear profile, shown by dotted lines. Linear temperature
profiles are assumed for the traditional calculations of the Nusselt
number. However, when axial conduction is considered, the tem-
perature profile of the wall and fluid exhibits a distinctly non-
linear profile particularly at the entrance and exit, shown by solid
red lines in Fig. 8(a). The temperature difference (AT) is found in
Fig. 8 between the non-axial conduction condition and the axial
conduction effected condition.

An apparent heat transfer coefficient and an apparent Nusselt
number can be defined when axial conduction is considered. The
apparent heat transfer coefficient can be estimated from the tradi-
tional Nusselt number data reduction method explained in Sec-
tion 2.2. The wall temperature at the middle of the channel from
the calculation is used, and the fluid temperature at the middle
of the channel is calculated from Eq. (2). The total heat input (Q)
and the total heat transfer area (A) is utilized to estimate the heat
transfer coefficient for Eq. (4). The value of the apparent heat trans-
fer coefficient (hgp,) may be defined as follows:

Q
happ,SO = A(

¢ 18
TW,SO - Tf.SOJinear) ( )

The apparent Nusselt number can now be estimated, accord-
ingly from

_ happ.SODh ) (19)

Eq. (19) is defined with the apparent heat transfer coefficient,
and it has the subscript of ‘app’ to indicate that this value does
not represent the actual Nusselt number. Because the temperature
difference exists between the linearly assumed fluid temperature
profile and the non-linear fluid temperature profile, the term
TW,50_ Tf,SO,linear is larger than Tw.50 - Tﬁ50,non-linear- Therefore happ
becomes smaller than hgcpq. Consequently, Nugp, becomes smaller
due to the decreased value of hgp. For the case in Fig. 8(a), the
Nugpp is 3.97, which is less than the theoretical value of 4.36.
Although the Reynolds number is almost 2000, the reduction of
the Nusselt number occurs due to the inaccurate assumption of a
linear fluid temperature profile.

Fig. 8(b) shows a case with a much lower Reynolds number of
Re =221 and a higher axial conduction parameter of A =0.152.
The temperature profile of the wall and fluid for the axial conduc-
tion condition (A = 0.152) and zero axial conduction condition (A ~
0) are presented in the figure. The wall and fluid temperature pro-
file of the axial conduction condition is much higher than that of
the non-axial conduction condition due to the higher axial conduc-
tion parameter (/). The fluid temperature increases significantly at
the inlet of the channel, and then, exhibits a similar trend to the
wall-temperature profile. At the outlet of the channel, the fluid
temperature closely approaches the wall temperature. The Nusselt
number can be also estimated for the case Fig. 8(b) with Eqgs. (18)
and (19), and it results in Nugpp, = 0.52. The larger temperature dif-
ference of Ty, 50 — T;50,linear Te€sults in @ much lower apparent Nus-
selt number than that for the theoretical value.

The simulation is also performed with liquid nitrogen with the
same geometry of the tube. Fig. 9 shows the temperature profile of
the wall and fluid for different axial conduction parameters (1) and
Reynolds numbers. Fig. 9(a) shows the temperature profile of the
liquid nitrogen and wall when Re =452. The axial conduction
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Fig. 9. Simulated temperature profile of the wall and liquid nitrogen in the
microchannel (a) when the axial conduction effect is small (4 = 0.003), and (b) when
the axial conduction effect is large (4 = 0.08).

parameter () is much lower at 0.003 than gas flowing condition.
The heat capacity of liquid nitrogen is a factor of two larger than
for gaseous nitrogen; therefore, the axial conduction parameter
becomes smaller. Also, the much higher viscosity of the liquid
makes the Reynolds number lower for the same mass flow rate.
Nu,pp is calculated as 4.32 where it is almost identical to the theo-
retical value. Fig. 9(b) shows the temperature profile of the wall
and liquid nitrogen when Re = 18. The axial conduction parameter
is 0.08. In this case, the axial conduction affects the temperature
profile. Non-linear temperature profiles are observed at the inlet
and outlet of the channel. Nu,p,, is calculated as 0.66 in this case.

The experimentally measured wall temperatures and fluid tem-
peratures are indicated in Fig. 10(a) and (b). Fig. 10(a) shows the
case of liquid nitrogen flow when Re = 425. The wall and fluid tem-
perature profiles show linear profiles as shown in Fig. 9(a). The
wall and fluid temperature profiles also show a distinguishable dif-
ference with each other. However, when the Reynolds number is as
low as 18, the gap between the wall and fluid temperatures
becomes smaller as indicated in Fig. 10(b). The experimental mea-
surement shows an identical trend with simulations as shown in
Fig. 9(b).

Fig. 11 displays a simulated heat flux density along the length
for four cases discussed above. For the case when the axial conduc-
tion is not significant (high Reynolds and low axial conduction
effect), the heat flux values are slightly higher than the uniform
heat flux at the inlet with correspondingly lower values at the out-
let, as indicated with the red circle line in Fig. 11(a) and (b). How-
ever, for a much lower Reynolds flow and significant axial
conduction, the heat flux values at the inlet are higher than the
uniform heat flux and gradually decrease along the length, whereas
the heat flux converges to zero (black square line in Fig. 11(a) and

(a) 88 — T T T T T

86 Wall measurements
—e— Fluid measurements

841 Re=425, LN2 Flow
82F 4=028W
80 -
78
76
74 4
72 - B
70 4
68 - B

66 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Location (x/L)

Temperature (K)

—~~
O
~
~
o

T T T T T T
—a— Wall measurements
—e— Fluid measurements

)

Re=18, LN2 flow

72+ ¢=7mW

70

Temperature (K

68 -

66 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Location (x/L)

Fig. 10. Experimental temperature profile of wall and fluid in the microchannel (a)
LN2 flow in the Dy =180 um channel, Re =425 (b) LN2 flow in the Dy =180 um
channel, Re = 18. Dots are connected with straight lines.

(b)). Because the heat flux becomes very small at the outlet, the
wall and fluid temperatures approach each other for this case.

Apparent Nusselt number calculations from the present model
have been performed for varying Reynolds numbers employing liq-
uid and gaseous nitrogen flow in microchannels. Fig. 12(a) and (b)
display the model calculation results for D, = 180 pm and 110 pm,
respectively. The calculated apparent Nusselt number for 70 K liq-
uid nitrogen only shows a reduction for Re values less than 100.
The calculated apparent Nusselt number for 300 K nitrogen gas
exhibits a large dependence on the Reynolds number (Re < 1000).
The calculated apparent Nusselt number for 150 K nitrogen gas
shows an identical trend.

Simulated apparent Nusselt numbers show good agreement
when compared with the experimental values for Reynolds flow
less than 2000 in Fig. 12. The Nusselt values for turbulent flow,
as calculated from the Dittus-Boelter equation [27], are plotted in
Fig. 12. Experimental Nusselt values show good agreement, where
mean average percentage error (MAPE) shows 33%,with the Dittus-
Boelter equation when Reynolds values are greater than 2000. The
Eq. (20) shows the definition of MAPE. The value n is the number of
sample, y,, is the measured value, y, is the predicted value of i-th
sample. Fig. 13 shows the discrepancies between measured and
predicted values.

ym 7yp

1 n
MAPE:HZ

i=1

x 100 (20)

m 1

For turbulent flow, the axial conduction effect becomes negligi-
ble (/<0.01). Therefore, estimation of heat transfer coefficients
employing the linear temperature profile can be applied. For Re <
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Fig. 11. Simulated Heat flux along the length for difference cases: (a) gaseous
nitrogen, and (b) liquid nitrogen.
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Fig. 13. The Nusselt number measurement in the turbulent regime (Re > 2000), and
its comparison to the Dittus-Boelter equation. The MAPE shows 33% discrepancy.

2000, experimentally determined apparent Nusselt numbers fol-
low the trend of the simulated apparent Nusselt numbers for
GN, and LN,. As a uniform heat transfer coefficient is assumed in
the model, a comparison indicates that this assumption is also
valid for the experiment. Consequently, a constant Nusselt number
therefore holds for the fully developed laminar flow.

As discussed above, the estimation of the Nusselt number based
on a linear temperature profile of the wall and fluid leads to inac-
curate estimations, which in turn lead to erroneous conclusions.
Most previous research assumed a linear temperature profile, from
which a Nusselt number dependence on Reynolds number was
concluded for laminar flow of Re < 2000. For accurate heat transfer
coefficient measurements when the axial conduction is considered,
a non-linear fluid temperature profile inside the microchannel
should be measured. In most instances, the thermometer size is
larger than the flow section within the microchannel, thereby lim-
iting direct measurement of the fluid in the channel. This limitation
has led to estimating the temperature profile by inaccurately
assuming linearity of the fluid temperature along the channel.
However, measurement of the temperature inside the channel
may be possible by non-intrusive methods such as by infra-red
or other laser spectroscopy as reported by other researchers
[13,18,28,29].

5. Heat transfer coefficient analysis by wall temperature slope

As discussed above, estimation of the actual heat transfer coef-
ficient with the traditional method is not appropriate. Therefore,
an alternative estimation of the heat transfer coefficient is required
when the axial conduction effect is dominant. The wall tempera-
tures of three different locations were measured on the microchan-
nel, and this additional information can be used for the heat
transfer coefficient analysis. The usefulness of the information is
evaluated by numerical calculation with the developed model.

Because the measurement condition is dominated with the
axial conduction effect, the model is modified to simulate the
actual experimental condition. A no heating zone is added before
and after the heating zone. The total length of the simulated length
is 500 mm, and the heating zone length is 300 mm, which is iden-
tical to the experimental condition. Fig. 14 displays the non-
dimensional wall-temperature profiles when the Reynolds number
is 109 with the D, = 180 um tube. The Nusselt number is changed
from 4.36 to 0.1. When the Nusselt number is as low as 0.1, the
non-dimensional wall temperature is high, because the heat is
barely transferred to the fluid. In contrast, the non-dimensional
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Fig. 14. Non-dimensional wall temperature profile when Re=109 with gas
nitrogen in Dy, = 180 um microchannel.

wall temperatures show values around 1 when the Nusselt number
is as high as 4.36. This value indicates that the wall temperatures
are similar to the fluid temperatures. From Fig. 14, the non-
dimensional wall temperature slopes can be also analyzed. The

slopes from 25% to 50% (%), and 50% to 95% (@) are with

X X
thick red-lines indicated for different Nusselt numbers in Fig. 14.
The average slope can be calculated with

dTave  (dT(50-25) , dT(95_50)
dx 7( x| dx )/2 1)

As seen from Fig. 14, the average slope shows a lower value
when the Nusselt number is low, and the average slope increases
as the Nusselt number increases. Therefore, these average slope
values can be used for the Nusselt number analysis. Fig. 15 shows
the non-dimensional average wall temperature slopes for different
Reynolds numbers and Nusselt numbers. Fig. 15(a) shows the case
for gaseous nitrogen in the Dy =180 pum tube. The average slope
when Nu = 0.1 is significantly lower than that for Nu = 4.36. The
experimental average slopes are also indicated in Fig. 15(a). The
graph indicates that experimental values lie above Nu = 4.36 when
the Reynolds number is around 100. This means that the actual
Nusselt number is around 4.36 when the Reynolds number is as
low as 100. The interpretation is totally different from Fig. 12,
where the apparent Nusselt number is around 0.1 for gaseous
nitrogen. The heat transfer phenomena with a Nusselt number of
0.1 are not physically meaningful. Fig. 15(b) shows the slope com-
parisons for liquid nitrogen. The experimental average slope data
are situated above the Nu =4.36 line when the Reynolds number
is larger than 10, implying that the actual Nusselt number is
around 4.36 considering the effect of axial conduction.

When the Reynolds number is extremely low and the axial con-
duction effect is dominant with a constant wall heat flux, the wall-
temperature profile becomes almost flat for a constant wall-
temperature condition. At this extreme case, the Nusselt number
may converge to a value of 3.66 rather than 4.36. The current mea-
surement method for the heat transfer coefficient is limited due to
the fluid temperature measurement in the microchannel. There-
fore, for an improved estimation of the heat transfer coefficient,
the fluid temperature in the microchannel should be measured
directly.

6. Conclusion

This study provides an experimental and numerical investiga-
tion into the pressure drop and the heat transfer performance of

1 .
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Fig. 15. Comparison of the wall temperature slope along the length between the
experiment and the model calculation (a) for gaseous nitrogen, and (b) for liquid
nitrogen.

nitrogen flow through microchannels with hydraulic diameters of
180 um and 110 pm. The experimental results show that the fric-
tion coefficient of gaseous flow in microchannels is the same as
that in conventional macro-scale tubes. A numerical model devel-
oped to simulate the heat transfer in microchannels, showed that
axial conduction through the wall results in non-linear tempera-
ture profiles of the wall and fluid concluding that a non-linear heat
flux to the fluid is present in the axial direction of the microchan-
nel. Calculation of Nusselt numbers based on assumed linear tem-
perature profiles results in the apparent dependency of the Nusselt
number on the Reynolds number seen in recent literature at low
laminar flows. It was also shown that a uniform heat transfer coef-
ficient is valid for laminar flow conditions in microchannels of this
work. The wall-temperature slope comparison between calculation
and experiment indicates that the actual Nusselt number is around
4.36, which differs from the apparent Nusselt number.
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