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The measurement of heat transfer coefficients in microchannels is complicated due to the small sizes
involved. Moreover, a heat transfer mechanism which is not usually considered, the axial conduction
effect in the channel wall, must also be evaluated in micro-scale measurements. Previous heat transfer
coefficient measurements have not accounted for the axial conduction effect, and those measurements
showed the inconsistent result with the theory. In this paper, a new measurement method is developed
to validate the theory that predicts a Nusselt number independent of Reynolds number in the laminar
flow regime for microchannels. A numerical model is used to simulate heat transfer characteristics in a
microchannel with wall conduction, and to predict the wall temperature difference between a location at
the end of the heater and a location 3 mm away from the heater on the microchannel. The temperature
difference is experimentally measured on a 160 um hydraulic diameter microchannel and compared with
the numerical model. The comparison shows that the Nusselt number in the laminar flow regime for the
microchannel is independent of Reynolds number at least down to Re=300.
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1. Introduction

The heat transfer coefficient (h) between a solid and a fluid
is essential information for the development of heat transfer de-
vices, such as heat exchangers. Information regarding heat transfer
coefficient characteristics is usually obtained from correlations de-
rived from experiments or theory. It is well-known that the Nus-
selt number (Nu) in the laminar regime is constant [1], and the
heat transfer coefficient in the turbulent flow regime is usually
expressed by the Gnielinski equation [2-4] or Dittus-Boelter equa-
tion [5] for macrochannel applications. The recent development of
microchannel devices, such as microchannel heat exchangers, re-
quires correlations of the heat transfer coefficient from the mi-
croscale perspective. The measurement of heat transfer coefficients
has been ongoing for several decades. However, unlike macrochan-
nel research, microchannel measurements show inconsistent re-
sults among researchers [6], especially in the laminar flow regime.

The measurement of heat transfer coefficient starts with mea-
suring wall and fluid temperatures at the same position along the
flow channel. Thermocouples are attached to the wall and inserted
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inside the tube to measure the fluid temperature separately. How-
ever, it is difficult to measure the fluid temperature in microchan-
nels, because thermocouple sizes are usually larger than the in-
ner diameter of the microchannel. To overcome this difficulty, pre-
vious researchers used indirect methods to estimate heat trans-
fer coefficients. Wu and Little [7] first measured the heat transfer
coefficients of nitrogen in trapezoidal microchannels. One pair of
the counterflow microchannel heat exchanger is utilized to mea-
sure the heat transfer coefficient. They measured fluid tempera-
ture in the larger channels before entering the microchannel heat
exchanger. Choi et al. [8] presented Nusselt numbers with respect
to Reynolds numbers from measurements in microchannels, where
Nusselt number and Reynolds number are defined by Eqs. (1) and
(2), respectively

Nuy — Dn (1)
kg

Rey = 2YDn _ CDn 2)
Mg Mg

In Eqgs. (1) and (2), Dy is the hydraulic diameter of the channel,
ks is the thermal conductivity of the fluid, p is the density of the
fluid, V is the velocity of the fluid, and uy is the viscosity of the
fluid. The G is the mass flux which is the rate of the mass flow per
unit area (m/A).

For the experimental case of Choi et al [8], the microchannel
was surrounded by a constant temperature fluid. Four thermocou-
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Nomenclature
A heat transfer area (m?)
Ac cross-sectional area of fluid flow (m?)
B total bias error
Cp heat capacity (J(/kgeK))
Dy, hydraulic diameter (m)
G mass flux (kg/(sem?2))
h heat transfer coefficient (W/(m?2eK))
k thermal conductivity (W/(meK))
L length (m)
m mass flow rate (kg/s)
N number of data
Nu Nusselt number
p pressure (Pa)
q heat rate (W)
Re Reynolds number
S standard deviation
T temperature (K)
tosy T-distribution for a confidence level
th thickness (m)
U uncertainty
X length (m)
Subscripts
f fluid
HT heat transfer area
in inlet
out outlet
w wall
X position

Greek letters
uw viscosity (Pa-s)

ples were attached on the outside wall of the microchannel, and
the inlet and outlet fluid temperatures were measured before and
after the microchannel. Peng and Peterson [9] measured the heat
transfer coefficients of water flowing in microchannels constructed
between microchannel plates. Six thermocouples were attached on
the wall of the channels. Additional thermocouples were installed
in the plenums at the entrance and exit to measure the inlet and
outlet liquid temperature. Morini et al. [10] measured the heat
transfer coefficient of nitrogen gas in a microchannel of D,=172
pm. Five thermocouples were attached to the wall of the channel,
and additional thermocouples were inserted into the plenums to
measure the fluid temperature at the inlet and the outlet of the
microchannel.

The measurement methods in the above four studies are differ-
ent from each other and show inconsistent results. Fig. 1 shows the
different results of Nusselt numbers from measurements and cor-
relations from the preceding research. Table 1 summarizes the cor-
relations and experimental conditions from previous researchers.

Table 1
Selected literature for single-phase laminar heat transfer.
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Fig. 1. The Nusselt numbers from past measurements and theory.

Fig. 1 shows the inconsistency of Nusselt numbers from past
measurements and theory for microchannels briefly. Theoretically,
the Nusselt number may indicate 4.36 in the circular micro-tube
within the laminar flow regime [1]. However, the Sider and Tate
correlation [11] show lower values than 4.36 at Reynolds numbers
below 2000. The experimental Nusselt numbers from Wu and lit-
tle [7] and Choi et al. [8] indicate values less than 1 for Reynolds
numbers less than 1000. The experimental value from Morini[10]
shows a similar trend compared to past research. However, there
also exist different experimental Nusselt number values from Peng
and Peterson [9], and Yang [12], where their results show values
from 1 to 10 in the laminar flow regime.

None of the studies show constant Nusselt number for Reynolds
numbers below 2000 (laminar flow regime). The above studies all
showed reduced Nusselt numbers in the laminar flow regime. The
previous studies were limited because they could not measure the
actual fluid temperature inside the microchannel to estimate the
heat transfer coefficient accurately.

Later, as Maranzana et al. [13] indicated, the axial conduction
affects traditional heat transfer coefficient measurements in the
microscale regime. Maranzana et al. concluded that inaccurate fluid
temperature estimation based on inlet and outlet temperatures re-
sults in underestimation of the Nusselt number in the laminar flow
regime. Lin and Kandlikar [14] derived a correlation that predicts
Nusselt number reduction with traditional heat transfer analysis.
Maranzana et al. [13] proposed measurement techniques for the
actual fluid temperature in the microchannels using non-invasive
measurement techniques, such as infrared thermography. However,
such measurements were not carried out. Yang et al. [12] intro-
duced a new technique to measure the surface temperature of
the microchannel but neglected axial conduction in the analysis.
Recently, Baek et al. [15] experimentally investigated the Nusselt
number in the low Reynolds number with traditional heat transfer
coefficient measurements.

Author Condition

Correlation or remarks

Sieder and Tate [11] -Circular channel-Simultaneously developing

Wu & Little [7] - Rectangular(trapezoidal) channel, nitrogen gas, D,=156 pum, 153 um

Choi et al. [8] - circular channel (experimental), nitrogen gas, D;=9.7 um, 53 um, 81.2 um
Morini et al. [10] - Circular channel (experimental), nitrogen gas, D,=172 pum, 750 um

Yang et al. [12] - Circular channel (experimental), air, D,=920 pum, 308 xm, 86 um

Peng et al. [9] - Rectangular channel (experimental), water, D,=150 ~343 pum

Nu = 1.86( %8 )13 (1 yo14

Nu = 0.00222Re’ ®pr®4

Nu = 0.000972Re*Pr'/?

- no correlation, observed reduction of Nu

- no correlation, observed Nu decreasing tendency
Nu = 0.1165( )08 () -079Re%%*pr'?
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In this paper, we present a new microscale measurement
method that takes axial conduction into account. The new method
derived from a numerical model analysis. This proposed new
method is discussed and validated with experimental measure-
ments.

2. Development of the new measurement method

The basic heat transfer coefficient measurement requires fluid
temperature and wall temperature at the same (x) position. The
measurement limitation for microchannel applications is that con-
ventional thermometers are physically larger in size (~200 wm)
than the channel size (~100 wm) they must be inserted. There-
fore, it is impossible to measure the fluid temperature inside the
channel directly. Alternatively, thermometers can be installed ei-
ther 1) on the outside of the microchannel or 2) in the fluid at
the larger inlet and the outlet sections (manifolds) leading into and
out from of the microchannel. The latter thermometer installation
is not recommended, because the fluid temperature at those loca-
tions do not represent the fluid temperature in the microchannel.

For this reason, the installation of thermometers on the outside
of the microchannel is the only feasible technique. Consequently,
thermocouples can be installed in the heating regions and non-
heating regions on the microchannel, as shown in Fig. 2. Addition-
ally, the temperature difference between such thermometers can
be obtained from the measurement. To determine which informa-
tion is useful for heat transfer coefficient analysis, a simulation of
wall temperature profile along the microchannel, including the ax-
ial conduction effect is required at this stage.

A one-dimensional numerical approximation of the microchan-
nel heat transfer model that includes the axial conduction effect is
developed here [15, 16]. This model is composed of the fluid chan-
nel and two surrounding walls, as displayed in Fig. 3. The numeri-
cal technique proceeds by identifying control volumes and placing
nodes (i.e., temperatures predicted at each location). The arrange-
ment of nodes and control volumes are shown in Fig. 3. The nu-
merical solution is enabled by carrying out an energy balance on
each of the control volumes identified in Fig. 3. The governing re-
lations for the energy balance of the fluid streams and the channel
walls are given by Egs. (3) and (4).

. dT hiA h,A

d dT, d dT, . dT,
a (kw.lAc,w,l C;;/(l> + a (kW,ZAc,W,Z d‘;Z) = mCPT; (4)

Subscripts 1 and 2 denote the upper wall and lower wall, respec-
tively. Ayr is the heat transfer area between the wall and fluid, and
Ac is the cross-sectional area of the wall.

Numerical techniques for similar heat transfer models with ax-
ial conduction are fully described in the literature [16]. Only crit-

w,mid Tw,out
Toutlet

geater

Fig. 2. Thermometer installation on the microchannel: the thermometer size is larger than the microchannel and can’t be installed inside the microchannel.

Table 2
Simulation parameter for sensitivity analysis.

Parameter Value

Wall thermal conductivity
Fluid thermal conductivity
Fluid viscosity

stainless steel: 16 W/meK, ideal wall: 0 W/meK
0.026 W/meK
18.5x1076 Pa/s

Heating Length 3 cm
Total length 3 cm
inlet temperature 300 K
Inner diameter 110 pm
Outer diameter 310 um
Heat input 0.05 W
Nusselt number 436

ical elements will be highlighted in this paper. The model input
parameters are:

- heat transfer coefficient between the wall and fluid (h).

thickness (thy,) and thermal conductivity (k) of the wall.

- mass flow rate (m), 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

(Acw) calculated from the channel geometry.

- heat input to the channel (q).

The pressure drop in the microchannel is neglected in this nu-
merical model as thermophysical property differences are usually
negligible for pressure changes in laminar flow. The output results
from the microchannel heat transfer model are the temperature
profile of the fluid and the wall. Validation of the model develop-
ment is described in previous works [15, 17]. The simulation used
nitrogen gas properties using REFPROP 9 [18].

Table 2 presents the model geometry. Two wall conditions are
considered in the numerical model: the ideal wall and the actual
wall. The thermal conductivity for the ideal wall is zero; whereas
the actual wall’s thermal conductivity is 16 W/meK, which repre-
sents a grade 304 stainless steel microchannel tube. The tempera-
ture profiles are in dimensionless form (Eq. (5)) as:

Tx(wall or fluid) — Tf,in (5)

T(®)=
( ) Tf,out - Tf.in

Fig. 4 (a) shows the simulated temperature profiles of the wall
and fluid for the actual and the ideal condition. In this case, the
Reynolds number is 90, which represents a low flowrate compared
to Re=2000. The Nusselt number is 4.36. When the thermal con-
ductivity of the wall is zero, the fluid and the wall temperature
show linear temperature profiles along the length of the channel,
which are depicted with red lines. On the other hand, the fluid
and the wall temperature increase non-linearly when the thermal
conductivity of the wall is high, (16 W/meK) as discussed in pre-
vious studies [13, 17], and are depicted with black lines in Fig. 4.
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Fig. 3. 1-D simulation basis.

The temperature difference between the wall and the fluid is con-
stant when the thermal conductivity of the wall is zero. However,
it is not constant for the actual condition (16 W/meK). The inlet
temperature difference (AT;,=T,,;n-Tf;s) is relatively large, and the
outlet temperature difference (AToue=Tw,out-Tfoy) is small.

For comparison, the Nusselt number is reduced to 1 in
Fig. 4 (b), when the Reynolds number is 90. Arbitrarily, a de-
creased Nusselt number is selected based on previous measure-
ments showing Nusselt numbers to be less than 4.36 [7, 8]. From
Fig. 4 (b), it can be observed that the shapes of the temperature
profiles are not different from the previous condition. However, the
inlet and the outlet temperature difference increases when com-
pared to the case of Nu=4.36.

The axial conduction also affects the measurement error. In
Fig. 4 (a), when there is no axial conduction both fluid and wall
temperatures (red lines) are linear along the length of the mi-
crochannel. Measuring the inlet and outlet fluid temperatures, as-
suming axisymmetry along the channel, the temperature at the
mid-pt is determined from averaging the inlet and outlet fluid
temperatures. When axial conduction exists the temperature pro-
file of both the fluid and wall become non-linear as the black lines
show. Measuring only inlet and outlet fluid temperatures leads to
misrepresentation of the actual fluid temperature and thus a poor
determination of the non-linear fluid temperature profile along the
microchannel. For calculation of the heat transfer coefficient, it is
essential to know the fluid temperature. The existence of axial con-
duction affects the fluid temperature as shown in Fig. 4. This differ-
ence between the actual fluid temperature and the calculated tem-
perature leads to error in the heat transfer coefficient calculation.

The inlet and outlet temperature differences show noticeable
change when the Nusselt number or the heat transfer coefficient is
varied. If the inlet and outlet temperature differences are measured
in the experiment, the heat transfer coefficient can be determined
by comparing the temperature differences from the experiment to
the simulation. The next step is to investigate the sensitivity of the
inlet and outlet temperature differences to the thermal conductiv-
ity and the heat transfer coefficient.

The non-dimensional inlet and outlet temperature differences
are calculated when the thermal conductivity of the wall is var-
ied from 1 to 2000 W/meK for the geometry given in Table 2.
These values are calculated for three values of Reynolds number:
22, 441, and 1766. Fig. 5 (a) shows the calculation results. The di-
mensionless inlet temperature difference converges to 1 when the
thermal conductivity of the wall increases. The high wall thermal
conductivity changes the wall condition from constant heat flux to
constant wall temperature condition. The outlet temperature differ-
ence decreases by three orders of magnitude when the wall ther-
mal conductivity increases and when the Reynolds number is 22.
For higher Reynolds numbers, the temperature difference does not
change so rapidly with conductivity change.

The change of the inlet and outlet temperature difference is cal-
culated with the model when the heat transfer coefficient is var-
ied from 1 to 2000 W/m2K. The thermal conductivity is set as
16 W/meK for this case. Fig. 5 (b) depicts the results. When the
Reynolds number is low i.e. 22, the outlet temperature difference
shows a change of eight orders of magnitude. The outlet temper-
ature difference increases as the Reynolds number increases, but
it still changes by three orders of magnitude. The inlet tempera-
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Fig. 4. Temperature profile of wall and fluid (a) when the Nu=4.36 (b) when the
Nu=1.0.

ture difference does not show as much change as that of the outlet
temperature difference.

Fig. 5 discusses the temperature difference between the wall
and fluid at the inlet and the outlet. For example, the blue
empty circle line in Fig. 5 (a) indicates the temperature differ-
ence (ATour = Twour — Tfﬁom) between the wall and the fluid at the
channel outlet. If one changes the material of the microchannel,
where thermal conductivity of the channel will change (such as
glass, stainless steel, copper), the AT,y will also change. However,
that change in ATy, value with material substitution is not signif-
icant where thermometers may not detect low ATy values.

The blue empty circle line in Fig. 5 (b) shows the temperature
difference between fluid and wall for change in heat transfer coef-
ficient (change in Nusselt number). If Nusselt number decreases as
from other previous research, the ATy, will change significantly,
unlike Fig. 5 (a).

If the Nusselt number does not change, AT,,; may change as
the Reynolds number changes, shown as red, blue, and brown
lines. Therefore, if one considers the change in Nusselt number

10 : ,
1F Ry G v 0 -
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® 01 / D%l\: 3
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Fig. 5. Sensitivity analysis for temperature differences between wall and fluid,
when the heating length is 3 cm for: (a) the change in thermal conductivity (b)
the change in heat transfer coefficient.

with respect to the change in Reynolds number in the laminar flow
regime, it is better to observe the temperature difference between
the wall and fluid at the outlet of the microchannel.

From a comparison of Fig. 5 (a) and (b), the outlet temperature
difference (AT,y) shows a greater change with the heat transfer
coefficient than with the wall thermal conductivity. Therefore, the
measurement of the outlet temperature difference can be an alter-
native approach to determine the heat transfer coefficient between
the fluid and the wall. If the outlet temperature difference is mea-
sured with various Reynolds numbers in laminar flow and com-
pared to the results in Fig. 5 (b), the heat transfer coefficient can
be determined by comparing calculations from measurement and
simulation. However, the temperature differences between wall
and fluid in Fig. 5 (a) and (b) are extremely small, on the order
of 0.0001 K. Such differences should be increased for the actual
measurement by changing the geometry and the heat input.

In the next section, the paper presents an approach to increase
the outlet temperature difference and the measurement technique.
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Fig. 6. Definition of AT,,, in the experiment.

Table 3
Microchannel geometry for the experiment and
the numerical model.

Parameter Value
Length 90 mm
Heating length 5 mm
Inner diameter (D;;) 160 um
Outer diameter (Dyyt) 310 um

Material Stainless steel 304

3. Experimental technique

In the previous section, the outlet temperature difference be-
tween the fluid and the wall is discussed. However, it is not fea-
sible to measure the temperature of the fluid in the microchannel
due to mismatch in temperature sensor and channel size. This sec-
tion provides methods to distinguish heat transfer characteristics
by measuring different wall temperatures on the microchannel, de-
spite the above limitation.

Measurement of the outlet temperature difference (AT =
Tw.out — Tf,oue) should be precise and accurate to compare with the
simulation. But this temperature difference decreases to a very
small value when the Reynolds number is low. To magnify the out-
let temperature difference, the heating length should be decreased,
and the heating power should be increased. Moreover, the axial
conduction effects exist not only in the heating region but also at
the non-heating region in the microchannel.

The numerical model is thus revised to consider the heating re-
gion and the non-heating region. Table 3 presents geometry infor-
mation for the model. The model provides the temperature at all
locations for both the wall and the fluid that is used to determine
the region where the wall temperature (beyond the heating region)
decays to nearly that of the fluid temperature.

The wall temperature at different positions is measured to re-
alize the temperature difference between the wall and fluid. Fig. 6
shows the definition for the outlet temperature difference ATyy:
for the experiment and analysis.

Initially, AT,y should be the actual temperature difference be-
tween the fluid and the solid wall. However, in microscale, cur-
rent measurement capability does not allow direct measurement
of the fluid temperature. Therefore, measurement of wall temper-
atures at different locations is conducted. Surely, wall temperature
at the heater is the wall temperature. Furthermore, the exterior
wall temperature a distance after the heater or non-heated section
is equal to the fluid temperature. Thus, the wall temperature at the
non-heated part is the fluid temperature. Therefore, the tempera-
ture difference from wall to fluid AT = T, — Tfyyiq is determined
from AT = Twall @ heater end — Twall @ heater end+x mm-*

A trial and error method with the numerical model is applied to
determine the heated length of the channel and the heating power.

The objective of the test is to obtain a significant temperature dif-
ference between the heater and the non-heated section. The short
heating length and high heating power assure a high outlet tem-
perature difference between the wall and fluid. Because of the axial
conduction effect, if the heated length is long, as if along the entire
channel length, the temperature will be similar at two locations.
Therefore, the heated length should be much shorter than the en-
tire channel length, and the heating power should be higher. In
this paper, the channel length is 70 mm, and the heating length is
determined to be 5 mm. Heating power of 70 mW and greater was
determined sufficient to establish a significant temperature differ-
ence between the end of the heater and 3 mm away.

During the trial and error simulations, the Nusselt number is
fixed at 4.36 for the investigation. Fig. 7 (a) shows the tempera-
ture profile of the fluid and the wall with a high Reynolds number
of 1354. The inlet temperature is 301 K. Two cases of wall ther-
mal conductivity values are shown in the figure. When the wall
thermal conductivity is zero, the wall temperature rises only at the
heated zone (thin red lines). The thick black lines demonstrate the
influence of k values (k=16 W/meK) for the stainless steel mi-
crochannels employed. Note the large temperature rise occurring
along the 5 mm length heated zone. The wall temperature and the
fluid temperature become identical a distance of about 5 mm away
from the heated zone.

Fig. 7 (b) shows the temperature profiles of the wall and fluid
for the low Reynolds number case (Re=180). The inlet temperature
is 303 K. The ideal wall case (ky=0 W/meK) also shows that the
wall temperature rises only at the heated zone. However, for the
actual wall case (ky, =16 W/meK), the temperature rise of the out-
let wall is not as significant as the ideal wall case or as with the
case of high Reynolds number. Due to the axial conduction effect,
the inlet wall part shows a significant temperature increase. The
outlet temperature difference between the wall and fluid is less
than with the case for high Reynolds number, as discussed above.

Since the thermocouple size is larger than the hydraulic diam-
eter of the microchannel, the actual outlet temperature difference
between the wall and fluid cannot be measured. However, the wall
temperature right after the heated zone and the wall temperature
at a distance 3 mm away from the heated zone can be measured
and compared to the simulation to determine the heat transfer co-
efficient. The measurement location of AT on the microchannel is
indicated in Fig. 7 (a) and (b). Additional thermocouples should be
installed on the microchannel after the heated zone, to determine
the final outlet temperature of the microchannel, as indicated in
Fig. 7.

Fig. 8 shows the comparison of temperature measurement
methodologies (macroscale versus microscale) to determine the
heat transfer coefficients. Fig. 8 (a) shows the measurement place-
ment for the macrochannel. The channel scale permits thermome-
ters to be installed inside the macrochannel, where fluid and the
inner wall temperature can be measured directly. Fig. 8 (b) shows



S. Baek, R. Radebaugh and PE. Bradley /International Journal of Heat and Mass Transfer 157 (2020) 119891 7

Vacuum Chamber

©
N

Heated zone (5 mm) Pressure sensor Pressure sensor
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9 340 - - inlet outlets
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E’_ 330 - \,/\ i
IS expected AT V \J
£ 320 t I m Recuperator Copper mesh flow conditioner
Mass flow meter Notto scale’
31 0 | ‘\T/ | Bypass valve Compressor
T. measure
location Fig. 9. Experimental setup for the heat transfer coefficient measurement in the mi-
300 * * * L * : * crochannel.
0 10 20 30 40 50
Length (mm) . )
the traditional temperature measurement method for microchan-
nels. Thermometers are positioned before and after the microchan-
nel to measure the inlet and outlet fluid temperatures. The temper-
(b) Heated zone ature of the fluid located at the mid-point of the channel is esti-
500 . . . —— . . . mated assuming a linear temperature profile and anchored from
AT location the exterior wall temperature measurement at the mid-point be-
tween the fluid temperature measurements. Fig. 8 (c) shows the
proposed temperature measurement method for microchannels to
< 4501 expected AT | determine the heat transfer coefficient calculation. Two thermome-
\q'; ters are utilized in the analysis. One thermometer is located at the
5 [ Re=180 ‘\T / end of the heater to measure the highest wall temperature. The
= A .
S 400 Nu=4.36 T. measure | second thermometer is situated a distance away from the heater,
(0] location where the fluid and the wall temperature are equal. The temper-
g' ature difference is then obtained for a given fixed distance along
(0] the channel.
— 350 —— Wall, k =0 W/mK —— Wall, k =16 W/mK
—=— Fluid, nitrogen —— Fluid, nitrogen .
4. Experimental setup
300 ) . . Fig. 9 displays the schematic of the experimental setup for mea-
0 10 20 30 40 50 surement of the heat transfer coefficient of a fluid in a microchan-
nel. The gaseous nitrogen circulates around the experimental setup
Length (mm) in a closed-loop manner. The setup includes an oil-less compres-

sor that resides outside of the vacuum chamber. The microchan-
nel test section resides inside the vacuum chamber for the ex-
periment. In operation, compressed nitrogen from the compres-

Fig. 7. Simulation of wall and fluid temperature profile in the microchannel (a) high
Reynolds number (b) low Reynolds number.

;h_eér?ometertfor Thermometer location at
uid temperature the end of the heater i
a measurement (T;) b . C Thermometer location at
( ) ( ) Outlet fluid ( ) the distance away from
heater Inlet fluid temperaturet the end of the heater
measuremen i
temperature  C|culated fluid temperature (where the fiuid and the wall

measurement temperature are equal)
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> >

Calculated inner wall AT
temperature (T,,) Compare temperature difference

Thermometer for with simulation

outer wall temperature measurement

Thermometer for (calculate inner wall temperature)
inner wall temperature

measurement (T,)

Fig. 8. Temperature measurement for the heat transfer coefficient calculation (a) macrochannel: thermometers installed in the channel. (b) microchannel: thermometers
located outside channel to estimate the fluid temperature assuming a linear temperature profile, (c) proposed method for a microchannel: two thermometers, one situated
at the end of the heater and the second a distance away at which the fluid and wall temperatures are equal.
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(2)
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.
[Cusleeve |\

Differential tc

S
Flow direction

epoxy

Toutr Toutz Touts Touta

braze
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(©)
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ToutZ Tout3

Cartridge
Heater

Fig. 10. (a) microchannel setup (b) picture of microchannel (c) microchannel assembly with radiation shield.

sor passes through the recuperator, and after passing through the
microchannel, returns through the recuperator to the compressor.
The recuperator is a custom counterflow heat exchanger fabricated
with copper tubes that pre-cools the inflow gas while heating the
return flow gas to ambient temperature.

The test section consists of the microchannel, a heater, a dif-
ferential thermocouple, and six thermocouples. Table 3 gives the
specifications of the microchannel used in this study. Fig. 10 (a)
shows a close-up schematic of the test section. The microchannel
is a stainless steel 304 tube. One E-type differential thermocou-
ple was installed at the end of the heated zone and 3 mm away
from the heated zone. An additional thermocouple was installed 3

mm away from the end of the heated zone to measure absolute
temperature of the wall. An additional four E-type thermocouples
were soldered to the tinned microchannel wall to measure the in-
let and outlet temperatures. The heating wire was wound after sol-
dering the differential thermocouple to the wall. The exterior sur-
face of the microchannel was cleaned with acetone after soldering
the thermocouples to the wall. Prior to winding the heater, ther-
mal grease was applied to the surface of the microchannel to im-
prove the thermal contact between the heater and the microchan-
nel. The heater wire diameter was 120 um. A conductive epoxy
was applied to complete the assembly. The microchannel was then
connected to metal gasket fittings that connect with copper tubes
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Table 4

Uncertainty analysis.
Measurement Range Error
Temperature 77 K ~ 400 K +0.1 K
Pressure 0 MPa ~ 1 MPa +0.5%
Mass flow rate 0 sccm ~ 500 sccm +£0.5%
Total uncertainty ~7 %

(6.35 mm OD) in the closed loop set up. At the inlet, a silica tube
(ID=450 pum, OD=660 pm) was used as a sleeve to connect with
the copper tube. Epoxy was applied as a sealant. At the exit, a
copper sleeve (ID=600 pum, OD=1500 um) was used to connect
with the copper tube. The wound heating-wire was electrically in-
sulated, so there were no electrical shunts with the thermocouples.
The roughness of the microchannel was not measured in this study
since it has negligible effect on the laminar flow [19].

Since the metal gasket fitting has a large mass compared with
the microchannel, the wall temperature of the microchannel is af-
fected by the temperature of the metal gasket connector. To de-
crease the measurement error, a cartridge heater was installed at
the exit connector of the microchannel. This maintains the tem-
perature of the connector to be the same as the outlet wall tem-
perature of the microchannel. An additional thermocouple is in-
stalled at the cartridge heater, and PID control is applied to the
cartridge heater. The temperature of the metal gasket connector
follows the temperature of the microchannel wall (T, ). A radia-
tion shield was attached to the outlet part of the metal gasket con-
nector. The radiation shield surrounds the microchannel assembly
without contact to the microchannel.

The test section was maintained in vacuum of 0.013 Pa (10~
torr) or better to eliminate surrounding conduction. A mass flow
meter was installed in the return stream to measure the flow rate
of the circulating fluid. The flow rate in the closed loop is adjusted
by a valve at the bypass loop near the compressor. Two pressure
transducers are located at the entrance and the exit of the mi-
crochannel to measure the pressure drop across the microchannel.
The heating power to the microchannel was measured from the
voltage drop and current across the heating wire. A nano-voltmeter
with 1 nV resolution was utilized to measure the voltage across the
differential thermocouple. The temperature drop across the differ-
ential thermocouple is calculated based on the International Tem-
perature Scale of 1990 (ITS-90) [20].

The measured temperature, pressure, flow rate, and power in-
put to the microchannel are collected by data acquisition devices
and sent to a personal computer. The data are gathered once each
second and time-averaged for a minute. The uncertainty of the
measured data is determined with Eq. (6), where B is the total bias
error, N is the total number of data points, and S is the standard
deviation of the data [21]. The value of B is provided by the man-
ufacturer. The tgs5y is 2.0 in this case.

U= |B2+ (tgs%%) (6)

Table 4 shows the error of the measurement and the total un-
certainty of the Nusselt number. The experimental results show an
uncertainty of around 7 %.

5. Result and discussion

The measurement of outlet temperature difference was carried
out for different Reynolds number and heat input for the proposed
microscale method. Fig. 11 (a) shows the temperature measure-
ment at different locations along the microchannel with 70 mW
heat input (symbols). Table 5 gives the results in table form. The

(a) Heated zone T T T
440 - : -~ we Ton Tow
Exp. Sim.
0O ——Re=71 o o 0O Re=71
O =—Re=181
Re=284 AT
—— Re=410
—_ 400 < :EZ;%? Re=181 1
€ |E=En oo o
o [F=wm
3 300 9 =
@©
—
[}
Q.
5
[t 320 - v - Re=1126
= [ >Re=1321
Re=1512
Re=1781
280 Re=2014
0 10 20 30 40 50 60
Length (mm)
(b)
25 T / T
- — AT simulation
Nu=0.5 @ AT experimental
20 B
— 151 Nu=1.0 //___
é 15
'_
<
10
Nu=4.0
5 \Nu=4.36
<Nu=5.0
Nu=6.0
0 — 1 1
0 500 1000 1500 2000

Re

Fig. 11. 70 mW input test results: (a) comparison of wall temperature profile: ex-
perimental vs simulation (b) The temperature difference measurement, compared
to Nusselt number chart.

temperature at the end of the heater shows the highest value. The
outlet temperatures, Tour2, Tours,» and Toues Show fairly consistent
values. The simulated wall temperature profile (lines) is also plot-
ted in Fig. 11 (a). Experimental operating conditions and geome-
tries are used in this simulation. The simulations are performed
with the assumption that the Nusselt number is 4.36. The simu-
lated wall temperature profiles at various Reynolds numbers show
good agreement with the experimental values. For a low Reynolds
number of 71, the simulation and the experimental results differ
from each other noticeably. The temperature of the microchannel
should increase up to 500 K. However, inaccuracies are found with
the measurement at extremely low Reynolds flows (Re<300). The
error starts to grow as the Reynolds number decreases below 284.
This growth in error can be verified by checking the consistency of
the outlet temperatures of the microchannel. The standard devia-
tions of Ty, Toues, and T,y are calculated in Table 5. The stan-
dard deviation begins to increase to more than 0.6 K when the
Reynolds number approaches 300 or below. As the temperature
approaches 400 K, other heat transfer mechanisms such as radi-
ation, rather than convection to the fluid, dominate the experi-
mental setup. Thus, it becomes difficult to control the experimental
setup and maintain a perfect fluid heat transfer condition.

The comparison of the simulated wall temperature profile and
the experimental values indirectly implies existence of constant
Nusselt number (= 4.36) when the Reynolds number is less than
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Table 5
70 mW Test results.
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Location & Re # Ty (K) Ty (K) End of heater (K)  Touer (K)  Touz (K)  Tous (K)  Touq (K)  Standard deviation for Tyuez, Tourss Touta (K)
Re=71 302.00 37492 442.77 43567 43123 42603 42734 220
Re=181 304.6 33564  396.42 393.74 39243  389.98  389.91 1.17
Re=284 303.41 32027  368.18 365.82 36532 36392 36393  0.65
Re=410 30246 31253 349.67 347.01 34679 34598 34606  0.36
Re=576 301.38  307.79  336.96 333.91 333.65 33313 33326 022
Re=751 30049 30482  329.14 325.83 32540 32499 32514  0.16
Re=940 299.04 30211  323.17 31970 31907 3187 31883  0.15
Re=1126 298.61 30090  319.615 316.07 31527 31486 31498  0.17
Re=1321 298.35  300.07 31696 31340 31244 31195 31206  0.20
Re=1512 298.23  299.75 31527 31172 31065 31014 31025 022
Re=1781 297.97 29885 31185 308.41 307.15 30649 30656  0.29
Re=2014 20813 29930  313.354 309.85  308.66  308.07  308.14  0.26
2000. If the Nusselt number decreases with the Reynolds num- (a)
ber, the experimental wall temperature profiles may not agree with 475 Heated zone_ out2 T(ﬂta Tos
those from the simulation. Exp_'sm ' o Ic:| ' '

The temperature difference on the tube between the end of the 450 | B =R, ol O oress |
heater and 3 mm away from the heater was measured with an E- Re=275 O O ORe=133
type differential thermocouple. Fig. 11 (b) shows the measurement 425 | it AT |
of the temperature difference over different Reynolds numbers (in- 2 E] -
dicated by solid red circles). The temperature difference decreases © 400 % |
gradually as the Reynolds number decreases from 2000 to 300. § Re=275
When the Reynolds number declines below 300, the temperature © 375 ]
difference starts to increase. However, these conditions do not fol- g Vv VRe=417
low the trend of the wall temperature profile from the numerical CIEJ 350 . o612
work. For clarity, the temperature differences for Reynolds num- = 4 Re=857
bers less than 300 are indicated with open red circles. 325 %2@21%{

The temperature differences on the wall between a point at the a Re=1824
end of the heater and a point 3 mm away from the heater are 300 L= ' L
simulated with various Reynolds numbers and Nusselt numbers. 0 10 20 30 40 50 60
For Nusselt numbers lower than 4.36, the temperature differences Length (mm)
are higher. The experimental temperature differences show a sim-
ilar trend with the simulation for Nu=4.36 but the data are be-
low the Nu=4.36 line (Fig. 11 (b)). If the Nusselt number is de- b
creased for Reynolds numbers less than about 1500, as shown in ( ) 35 . . .
previous research [7, 8, 10], the temperature difference should in- AT simulation
crease. However, the experimental temperature differences do not 30+ @ AT experimental .
indicate an increasing tendency for decreasing Reynolds number. NU=0.5
This comparison of experimental and simulated temperature dif- 25+ ’
ferences validates the theoretical result that the Nusselt number is //
constant when the Reynolds number is less than 2000 for flow in —~ 20 Nu=1.0 .
microchannels. The disagreement of temperature difference at high X
Reynolds numbers around 2000 may be an indication of transition 'z] 151
to turbulent behavior of the heat transfer.

Additional experiments were carried out with 0.1 W heat in- 10| Nu=4.0
put to the microchannel. Fig. 12 (a) shows the temperature mea- Nu=4.36
surement at similar locations on the microchannel (symbols). The oy F\Nu=5.0
Reynolds number was varied from 56 to 1824. The simulation wall . . . Nu=6.0
profiles are again depicted as lines in the figure. The measurements 00 500 1000 1500 2000
and simulation show good agreement with each other for Reynolds Re

numbers higher than 300, which is similar to that for 70 mW heat
input (Fig. 11). The standard deviation of the outlet temperatures
(Toutzs Toutz» and Tyyey) are shown in Table 6. The standard devi-
ation starts to exceed 0.6 K for Reynolds numbers less than 275,
which implies that these data (below Re=275) do not represent
good experimental conditions.

The solid red circles in Fig. 12 (b) show measurement results
for the temperature difference between the end of the heated zone
and 3 mm away from the heater. The data below a Reynolds num-
ber of 300 are shown as open red circles. Similar to results for 70
mW, at 0.1 W input the temperature differences decrease gradu-
ally for decreasing Reynolds numbers from about 500 downward.
Simulated temperature differences for various Nusselt numbers are

Fig. 12. 0.1 W test results (a) comparison of wall temperature profile: experimental
vs simulation (b) The temperature difference measurement, compared to Nusselt
number chart.

indicated in Fig. 12 (b). The experimental temperature differences
do not show a decreasing trend as the Reynolds number decreases
which validates that the Nusselt number is constant in the laminar
flow regime.

Fig. 13 shows how the measured Nusselt numbers vary with
Reynolds numbers with the new measurement technique. These
data are compared to the apparent Nusselt number obtained from
the traditional measurements that assume a linear fluid tempera-



Table 6
0.1W test results.
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Location & Re # Ty (K) Tiyp (K)  End of heater (K)  Touer (K)  Touz (K)  Touz (K)  Touq (K)  Standard deviation for Tyuem, Tous, Toura (K)
Re=56 31239 40029  472.60 461.0 454.25 447.38 449.76 2.84
Re=133 313.93 37021  453.50 447.87 44423 439.08 439.17 2.40
Re=275 310.77  335.67  399.86 396.62 395.80 393.64 393.56 1.03
Re=417 308.08 321.86  371.15 367.56 367.28 366.13 366.22 0.52
Re=612 30536 31351 3515 347.31 346.99 346.3 346.48 0.29
Re=857 303.82 308.89 339.85 335.13 334.45 333.93 334.08 0.21
Re=1199 302.48 30552  330.54 325.6 324.46 323.88 324.01 0.24
Re=1394 301.64 30454  327.67 322.7 321.33 320.70 320.83 0.27
Re=1824 301.39 30340  323.09 318.19 316.54 315.67 315.73 0.39
100 . —————r7 ———— and expert testimony or patent-licensing arrangements), or non-
O New Measurement D, =110 um @ 70 mW . financial interest (such as personal or professional relationships, af-
O New Measurement D,=110 um @ 0.1 W " filiations, knowledge or beliefs) in the subject matter or materials
discussed in this manuscript.
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of magnitude improvement at low Reynolds number laminar flow.
The Nusselt number obtained from the new measurements show a
near constant value for Reynolds numbers between 300 and 2000.

6. Conclusion

In this work, a new heat transfer coefficient measurement tech-
nique for the laminar flow regime has been developed for mi-
crochannels smaller than thermometer sizes, where axial thermal
conduction cannot be neglected. The method relies on the mea-
surement of wall temperature along the heater section, and a short
distance after the heater section. The measured temperature pro-
file is correlated with that obtained from simulation using different
Nusselt numbers to derive the measured Nusselt number. The axial
conduction effect is accounted for in the measurements which led
to a significant improvement over traditional measurement tech-
niques. The comparison indicates that the Nusselt number in a 160
pm microchannel is independent of Reynolds number for the lam-
inar flow regime as it is in macrochannels, at least for Reynolds
numbers down to 300.
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