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a b s t r a c t 

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 μm 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. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The heat transfer coefficient ( h ) between a solid and a fluid

s essential information for the development of heat transfer de-

ices, such as heat exchangers. Information regarding heat transfer

oefficient characteristics is usually obtained from correlations de-

ived from experiments or theory. It is well-known that the Nus-

elt number ( Nu ) in the laminar regime is constant [1] , and the

eat transfer coefficient in the turbulent flow regime is usually

xpressed by the Gnielinski equation [2-4] or Dittus-Boelter equa-

ion [5] for macrochannel applications. The recent development of

icrochannel devices, such as microchannel heat exchangers, re-

uires correlations of the heat transfer coefficient from the mi-

roscale perspective. The measurement of heat transfer coefficients

as been ongoing for several decades. However, unlike macrochan-

el research, microchannel measurements show inconsistent re-

ults among researchers [6] , especially in the laminar flow regime.

The measurement of heat transfer coefficient starts with mea-

uring wall and fluid temperatures at the same position along the

ow channel. Thermocouples are attached to the wall and inserted
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nside the tube to measure the fluid temperature separately. How-

ver, it is difficult to measure the fluid temperature in microchan-

els, because thermocouple sizes are usually larger than the in-

er diameter of the microchannel. To overcome this difficulty, pre-

ious researchers used indirect methods to estimate heat trans-

er coefficients. Wu and Little [7] first measured the heat transfer

oefficients of nitrogen in trapezoidal microchannels. One pair of

he counterflow microchannel heat exchanger is utilized to mea-

ure the heat transfer coefficient. They measured fluid tempera-

ure in the larger channels before entering the microchannel heat

xchanger. Choi et al. [8] presented Nusselt numbers with respect

o Reynolds numbers from measurements in microchannels, where

usselt number and Reynolds number are defined by Eqs. (1) and

2) , respectively 

 u x = 

h x D h 

k f 
(1) 

e x = 

ρV D h 

μ f 

= 

G D h 

μ f 

(2) 

n Eqs. (1) and (2) , D h is the hydraulic diameter of the channel,

 f is the thermal conductivity of the fluid, ρ is the density of the

uid, V is the velocity of the fluid, and μf is the viscosity of the

uid. The G is the mass flux which is the rate of the mass flow per

nit area ( ˙ m /A ). 

For the experimental case of Choi et al [8] , the microchannel

as surrounded by a constant temperature fluid. Four thermocou-
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Fig. 1. The Nusselt numbers from past measurements and theory. 
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Nomenclature 

A heat transfer area (m 

2 ) 

A c cross-sectional area of fluid flow (m 

2 ) 

B total bias error 

c p heat capacity (J(/kg •K)) 

D h hydraulic diameter (m) 

G mass flux (kg/(s •m 

2 )) 

h heat transfer coefficient (W/(m 

2 •K)) 

k thermal conductivity (W/(m 

•K)) 

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) 

t 95% 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 

μ 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 h = 172

μm. 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. 

Author Condition 

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

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

Choi et al. [8] - circular channel (experimental), nitrogen gas, D h = 9.7 μ

Morini et al. [10] - Circular channel (experimental), nitrogen gas, D h = 172 

Yang et al. [12] - Circular channel (experimental), air, D h = 920 μm, 308 μ

Peng et al. [9] - Rectangular channel (experimental), water, D h = 150 ~34
Fig. 1 shows the inconsistency of Nusselt numbers from past

easurements and theory for microchannels briefly. Theoreticall y,

he Nusselt number may indicate 4.36 in the circular micro-tube

ithin the laminar flow regime [1] . However, the Sider and Tate

orrelation [11] show lower values than 4.36 at Reynolds numbers

elow 20 0 0. The experimental Nusselt numbers from Wu and lit-

le [7] and Choi et al. [8] indicate values less than 1 for Reynolds

umbers less than 10 0 0. The experimental value from Morini [10]

hows a similar trend compared to past research. However, there

lso exist different experimental Nusselt number values from Peng

nd Peterson [9] , and Yang [12] , where their results show values

rom 1 to 10 in the laminar flow regime. 

None of the studies show constant Nusselt number for Reynolds

umbers below 20 0 0 (laminar flow regime). The above studies all

howed reduced Nusselt numbers in the laminar flow regime. The

revious studies were limited because they could not measure the

ctual fluid temperature inside the microchannel to estimate the

eat transfer coefficient accurately. 

Later, as Maranzana et al. [13] indicated, the axial conduction

ffects traditional heat transfer coefficient measurements in the

icroscale regime. Maranzana et al. concluded that inaccurate fluid

emperature estimation based on inlet and outlet temperatures re-

ults in underestimation of the Nusselt number in the laminar flow

egime. Lin and Kandlikar [14] derived a correlation that predicts

usselt number reduction with traditional heat transfer analysis.

aranzana et al. [13] proposed measurement techniques for the

ctual fluid temperature in the microchannels using non-invasive

easurement techniques, such as infrared thermography. However,

uch measurements were not carried out. Yang et al. [12] intro-

uced a new technique to measure the surface temperature of

he microchannel but neglected axial conduction in the analysis.

ecently, Baek et al. [15] experimentally investigated the Nusselt

umber in the low Reynolds number with traditional heat transfer

oefficient measurements. 
Correlation or remarks 

Nu = 1 . 86 ( Re Pr D h 
L 

) 1 / 3 ( 
μ f 

μw 
) 0 . 14 

 μm, 153 μm Nu = 0 . 00222 Re 1 . 09 Pr 0 . 4 

m, 53 μm, 81.2 μm Nu = 0 . 0 0 0972 Re 1 . 19 Pr 1 / 3 

μm, 750 μm - no correlation, observed reduction of Nu 

m, 86 μm - no correlation, observed Nu decreasing tendency 

3 μm Nu = 0 . 1165 ( D h 
W c 

) 0 . 81 ( H 
W 

) −0 . 79 Re 0 . 62 Pr 1 / 3 
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Fig. 2. Thermometer installation on the microchannel: the thermometer size is larger than the microchannel and can’t be installed inside the microchannel. 
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Table 2 

Simulation parameter for sensitivity analysis. 

Parameter Value 

Wall thermal conductivity stainless steel: 16 W/m 

•K, ideal wall: 0 W/m 

•K 

Fluid thermal conductivity 0.026 W/m 

•K 

Fluid viscosity 18.5 ×10 −6 Pa/s 

Heating Length 3 cm 

Total length 3 cm 

inlet temperature 300 K 

Inner diameter 110 μm 

Outer diameter 310 μm 

Heat input 0.05 W 

Nusselt number 4.36 
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In this paper, we present a new microscale measurement

ethod that takes axial conduction into account. The new method

erived from a numerical model analysis. This proposed new

ethod is discussed and validated with experimental measure-

ents. 

. Development of the new measurement method 

The basic heat transfer coefficient measurement requires fluid

emperature and wall temperature at the same ( x ) position. The

easurement limitation for microchannel applications is that con-

entional thermometers are physically larger in size (~200 μm)

han the channel size (~100 μm) they must be inserted. There-

ore, it is impossible to measure the fluid temperature inside the

hannel directly. Alternatively, thermometers can be installed ei-

her 1) on the outside of the microchannel or 2) in the fluid at

he larger inlet and the outlet sections (manifolds) leading into and

ut from of the microchannel. The latter thermometer installation

s not recommended, because the fluid temperature at those loca-

ions do not represent the fluid temperature in the microchannel. 

For this reason, the installation of thermometers on the outside

f the microchannel is the only feasible technique. Consequently,

hermocouples can be installed in the heating regions and non-

eating regions on the microchannel, as shown in Fig. 2 . Addition-

lly, the temperature difference between such thermometers can

e obtained from the measurement. To determine which informa-

ion is useful for heat transfer coefficient analysis, a simulation of

all temperature profile along the microchannel, including the ax-

al conduction effect is required at this stage. 

A one-dimensional numerical approximation of the microchan-

el heat transfer model that includes the axial conduction effect is

eveloped here [ 15 , 16 ]. This model is composed of the fluid chan-

el and two surrounding walls, as displayed in Fig. 3 . The numeri-

al technique proceeds by identifying control volumes and placing

odes (i.e., temperatures predicted at each location). The arrange-

ent of nodes and control volumes are shown in Fig. 3 . The nu-

erical solution is enabled by carrying out an energy balance on

ach of the control volumes identified in Fig. 3 . The governing re-

ations for the energy balance of the fluid streams and the channel

alls are given by Eqs. (3) and (4) . 

˙ 
 c p 

d T f 

dx 
= −

(
h 1 A HT, 1 

L 

)
( T f − T w, 1 ) −

(
h 2 A HT, 2 

L 

)
( T f − T w, 2 ) (3) 

d 

dx 

(
k w, 1 A c,w, 1 

d T w, 1 

dx 

)
+ 

d 

dx 

(
k w, 2 A c,w, 2 

d T w, 2 

dx 

)
= 

˙ m c p 
d T f 

dx 
(4) 

ubscripts 1 and 2 denote the upper wall and lower wall, respec-

ively. A HT is the heat transfer area between the wall and fluid, and

 c is the cross-sectional area of the wall. 

Numerical techniques for similar heat transfer models with ax-

al conduction are fully described in the literature [16] . Only crit-
cal elements will be highlighted in this paper . The model input

arameters are: 

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

- thickness ( th w 

) and thermal conductivity ( k w 

) of the wall. 

- mass flow rate ( ˙ m ), inlet temperature ( T in ), heat capacity ( c p )

and thermal conductivity ( k f ) of the fluid. 

- channel height ( D h ), width ( W ), heated length ( L ). 

- heat transfer area ( A HT ) and cross-sectional area of channel

( A c,w 

) calculated from the channel geometry. 

- heat input to the channel ( q ). 

The pressure drop in the microchannel is neglected in this nu-

erical model as thermophysical property differences are usually

egligible for pressure changes in laminar flow. The output results

rom the microchannel heat transfer model are the temperature

rofile of the fluid and the wall. Validation of the model develop-

ent is described in previous works [ 15 , 17 ]. The simulation used

itrogen gas properties using REFPROP 9 [18] . 

Table 2 presents the model geometry. Two wall conditions are

onsidered in the numerical model: the ideal wall and the actual

all. The thermal conductivity for the ideal wall is zero, whereas

he actual wall’s thermal conductivity is 16 W/m 

•K, which repre-

ents a grade 304 stainless steel microchannel tube. The tempera-

ure profiles are in dimensionless form ( Eq. (5) ) as: 

 ( �) = 

T x ( wall or fluid ) − T f, in 

T f, out − T f, in 
(5) 

Fig. 4 (a) shows the simulated temperature profiles of the wall

nd fluid for the actual and the ideal condition. In this case, the

eynolds number is 90, which represents a low flowrate compared

o Re = 20 0 0. The Nusselt number is 4.36. When the thermal con-

uctivity of the wall is zero, the fluid and the wall temperature

how linear temperature profiles along the length of the channel,

hich are depicted with red lines. On the other hand, the fluid

nd the wall temperature increase non-linearly when the thermal

onductivity of the wall is high, (16 W/m 

•K) as discussed in pre-

ious studies [ 13 , 17 ], and are depicted with black lines in Fig. 4 .
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Fig. 3. 1-D simulation basis. 
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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/m 

•K). The inlet

temperature difference ( �T in = T w,in -T f,in ) is relatively large, and the

outlet temperature difference ( �T out = T w,out -T f,out ) 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

hange when the Nusselt number or the heat transfer coefficient is

aried. If the inlet and outlet temperature differences are measured

n the experiment, the heat transfer coefficient can be determined

y comparing the temperature differences from the experiment to

he simulation. The next step is to investigate the sensitivity of the

nlet and outlet temperature differences to the thermal conductiv-

ty and the heat transfer coefficient. 

The non-dimensional inlet and outlet temperature differences

re calculated when the thermal conductivity of the wall is var-

ed from 1 to 20 0 0 W/m 

•K for the geometry given in Table 2 .

hese values are calculated for three values of Reynolds number:

2, 441, and 1766. Fig. 5 (a) shows the calculation results. The di-

ensionless inlet temperature difference converges to 1 when the

hermal conductivity of the wall increases. The high wall thermal

onductivity changes the wall condition from constant heat flux to

onstant wall temperature condition. The outlet temperature differ-

nce decreases by three orders of magnitude when the wall ther-

al conductivity increases and when the Reynolds number is 22.

or higher Reynolds numbers, the temperature difference does not

hange so rapidly with conductivity change. 

The change of the inlet and outlet temperature difference is cal-

ulated with the model when the heat transfer coefficient is var-

ed from 1 to 20 0 0 W/m 

2 K. The thermal conductivity is set as

6 W/m 

•K for this case. Fig. 5 (b) depicts the results. When the

eynolds number is low i.e. 22, the outlet temperature difference

hows a change of eight orders of magnitude. The outlet temper-

ture difference increases as the Reynolds number increases, but

t still changes by three orders of magnitude. The inlet tempera-



S. Baek, R. Radebaugh and P.E. Bradley / International Journal of Heat and Mass Transfer 157 (2020) 119891 5 

Fig. 4. Temperature profile of wall and fluid (a) when the Nu = 4.36 (b) when the 

Nu = 1.0. 
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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. 
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ure difference does not show as much change as that of the outlet

emperature difference. 

Fig. 5 discusses the temperature difference between the wall

nd fluid at the inlet and the outlet. For example, the blue

mpty circle line in Fig. 5 (a) indicates the temperature differ-

nce (�T out = T w, out − T f, out ) between the wall and the fluid at the

hannel outlet. If one changes the material of the microchannel,

here thermal conductivity of the channel will change (such as

lass, stainless steel, copper), the �T out will also change. However,

hat change in �T out value with material substitution is not signif-

cant where thermometers may not detect low �T out values. 

The blue empty circle line in Fig. 5 (b) shows the temperature

ifference between fluid and wall for change in heat transfer coef-

cient (change in Nusselt number). If Nusselt number decreases as

rom other previous research, the �T out will change significantly,

nlike Fig. 5 (a). 

If the Nusselt number does not change, �T out may change as

he Reynolds number changes, shown as red, blue, and brown

ines. Therefore, if one considers the change in Nusselt number
ith respect to the change in Reynolds number in the laminar flow

egime, it is better to observe the temperature difference between

he wall and fluid at the outlet of the microchannel. 

From a comparison of Fig. 5 (a) and (b), the outlet temperature

ifference ( �T out ) shows a greater change with the heat transfer

oefficient than with the wall thermal conductivity. Therefore, the

easurement of the outlet temperature difference can be an alter-

ative approach to determine the heat transfer coefficient between

he fluid and the wall. If the outlet temperature difference is mea-

ured with various Reynolds numbers in laminar flow and com-

ared to the results in Fig. 5 (b), the heat transfer coefficient can

e determined by comparing calculations from measurement and

imulation. However, the temperature differences between wall

nd fluid in Fig. 5 (a) and (b) are extremely small, on the order

f 0.0 0 01 K. Such differences should be increased for the actual

easurement by changing the geometry and the heat input. 

In the next section, the paper presents an approach to increase

he outlet temperature difference and the measurement technique.
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Fig. 6. Definition of �T out 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 in ) 160 μm 

Outer diameter ( D out ) 310 μm 

Material Stainless steel 304 
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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 (�T out =
T w, out − T f, out ) 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 �T out 

for the experiment and analysis. 

Initially, �T out 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 �T = T wall − T f luid is determined

from �T = T wall @ heater end − T wall @ 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.
he objective of the test is to obtain a significant temperature dif-

erence between the heater and the non-heated section. The short

eating length and high heating power assure a high outlet tem-

erature difference between the wall and fluid. Because of the axial

onduction effect, if the heated length is long, as if along the entire

hannel length, the temperature will be similar at two locations.

herefore, the heated length should be much shorter than the en-

ire channel length, and the heating power should be higher. In

his paper, the channel length is 70 mm, and the heating length is

etermined to be 5 mm. Heating power of 70 mW and greater was

etermined sufficient to establish a significant temperature differ-

nce between the end of the heater and 3 mm away. 

During the trial and error simulations, the Nusselt number is

xed at 4.36 for the investigation. Fig. 7 (a) shows the tempera-

ure profile of the fluid and the wall with a high Reynolds number

f 1354. The inlet temperature is 301 K. Two cases of wall ther-

al conductivity values are shown in the figure. When the wall

hermal conductivity is zero, the wall temperature rises only at the

eated zone (thin red lines). The thick black lines demonstrate the

nfluence of k values ( k w 

= 16 W/m 

•K) for the stainless steel mi-

rochannels employed. Note the large temperature rise occurring

long the 5 mm length heated zone. The wall temperature and the

uid temperature become identical a distance of about 5 mm away

rom the heated zone. 

Fig. 7 (b) shows the temperature profiles of the wall and fluid

or the low Reynolds number case (Re = 180). The inlet temperature

s 303 K. The ideal wall case ( k w 

= 0 W/m 

•K) also shows that the

all temperature rises only at the heated zone. However, for the

ctual wall case ( k w 

= 16 W/m 

•K), the temperature rise of the out-

et wall is not as significant as the ideal wall case or as with the

ase of high Reynolds number. Due to the axial conduction effect,

he inlet wall part shows a significant temperature increase. The

utlet temperature difference between the wall and fluid is less

han with the case for high Reynolds number, as discussed above. 

Since the thermocouple size is larger than the hydraulic diam-

ter of the microchannel, the actual outlet temperature difference

etween the wall and fluid cannot be measured. However, the wall

emperature right after the heated zone and the wall temperature

t a distance 3 mm away from the heated zone can be measured

nd compared to the simulation to determine the heat transfer co-

fficient. The measurement location of �T on the microchannel is

ndicated in Fig. 7 (a) and (b). Additional thermocouples should be

nstalled on the microchannel after the heated zone, to determine

he final outlet temperature of the microchannel, as indicated in

ig. 7 . 

Fig. 8 shows the comparison of temperature measurement

ethodologies (macroscale versus microscale) to determine the

eat transfer coefficients. Fig. 8 (a) shows the measurement place-

ent for the macrochannel. The channel scale permits thermome-

ers to be installed inside the macrochannel, where fluid and the

nner wall temperature can be measured directly. Fig. 8 (b) shows
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Fig. 7. Simulation of wall and fluid temperature profile in the microchannel (a) high 

Reynolds number (b) low Reynolds number. 

Fig. 9. Experimental setup for the heat transfer coefficient measurement in the mi- 

crochannel. 
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Fig. 8. Temperature measurement for the heat transfer coefficient calculation (a) macro

located outside channel to estimate the fluid temperature assuming a linear temperature

at the end of the heater and the second a distance away at which the fluid and wall tem
he traditional temperature measurement method for microchan-

els. Thermometers are positioned before and after the microchan-

el to measure the inlet and outlet fluid temperatures. The temper-

ture of the fluid located at the mid-point of the channel is esti-

ated assuming a linear temperature profile and anchored from

he exterior wall temperature measurement at the mid-point be-

ween the fluid temperature measurements. Fig. 8 (c) shows the

roposed temperature measurement method for microchannels to

etermine the heat transfer coefficient calculation. Two thermome-

ers are utilized in the analysis. One thermometer is located at the

nd of the heater to measure the highest wall temperature. The

econd thermometer is situated a distance away from the heater,

here the fluid and the wall temperature are equal. The temper-

ture difference is then obtained for a given fixed distance along

he channel. 

. Experimental setup 

Fig. 9 displays the schematic of the experimental setup for mea-

urement of the heat transfer coefficient of a fluid in a microchan-

el. The gaseous nitrogen circulates around the experimental setup

n a closed-loop manner. The setup includes an oil-less compres-

or that resides outside of the vacuum chamber. The microchan-

el test section resides inside the vacuum chamber for the ex-

eriment. In operation, compressed nitrogen from the compres-
channel: thermometers installed in the channel. (b) microchannel: thermometers 

 profile, (c) proposed method for a microchannel: two thermometers, one situated 

peratures are equal. 
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Fig. 10. (a) microchannel setup (b) picture of microchannel (c) microchannel assembly with radiation shield. 
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c  
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
m away from the end of the heated zone to measure absolute

emperature of the wall. An additional four E-type thermocouples

ere soldered to the tinned microchannel wall to measure the in-

et and outlet temperatures. The heating wire was wound after sol-

ering the differential thermocouple to the wall. The exterior sur-

ace of the microchannel was cleaned with acetone after soldering

he thermocouples to the wall. Prior to winding the heater, ther-

al grease was applied to the surface of the microchannel to im-

rove the thermal contact between the heater and the microchan-

el. The heater wire diameter was 120 μm. A conductive epoxy

as applied to complete the assembly. The microchannel was then

onnected 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 % 
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Fig. 11. 70 mW input test results: (a) comparison of wall temperature profile: ex- 

perimental vs simulation (b) The temperature difference measurement, com pared 

to Nusselt number chart. 
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t  

N  
6.35 mm OD) in the closed loop set up. At the inlet, a silica tube

ID = 450 μm, OD = 660 μm) was used as a sleeve to connect with

he copper tube. Epoxy was applied as a sealant. At the exit, a

opper sleeve (ID = 600 μm, OD = 1500 μm) was used to connect

ith the copper tube. The wound heating-wire was electrically in-

ulated, so there were no electrical shunts with the thermocouples.

he roughness of the microchannel was not measured in this study

ince it has negligible effect on the laminar flow [19] . 

Since the metal gasket fitting has a large mass compared with

he microchannel, the wall temperature of the microchannel is af-

ected by the temperature of the metal gasket connector. To de-

rease the measurement error, a cartridge heater was installed at

he exit connector of the microchannel. This maintains the tem-

erature of the connector to be the same as the outlet wall tem-

erature of the microchannel. An additional thermocouple is in-

talled at the cartridge heater, and PID control is applied to the

artridge heater. The temperature of the metal gasket connector

ollows the temperature of the microchannel wall ( T out1 ) . A radia-

ion shield was attached to the outlet part of the metal gasket con-

ector. The radiation shield surrounds the microchannel assembly

ithout contact to the microchannel. 

The test section was maintained in vacuum of 0.013 Pa (10 −4 

orr) or better to eliminate surrounding conduction. A mass flow

eter was installed in the return stream to measure the flow rate

f the circulating fluid. The flow rate in the closed loop is adjusted

y a valve at the bypass loop near the compressor. Two pressure

ransducers are located at the entrance and the exit of the mi-

rochannel to measure the pressure drop across the microchannel.

he heating power to the microchannel was measured from the

oltage drop and current across the heating wire. A nano-voltmeter

ith 1 nV resolution was utilized to measure the voltage across the

ifferential thermocouple. The temperature drop across the differ-

ntial thermocouple is calculated based on the International Tem-

erature Scale of 1990 (ITS-90) [20] . 

The measured temperature, pressure, flow rate, and power in-

ut to the microchannel are collected by data acquisition devices

nd sent to a personal computer. The data are gathered once each

econd and time-averaged for a minute. The uncertainty of the

easured data is determined with Eq. (6) , where B is the total bias

rror, N is the total number of data points, and S is the standard

eviation of the data [21] . The value of B is provided by the man-

facturer. The t 95% is 2.0 in this case. 

 = 

√ 

B 

2 + 

(
t 95% 

S √ 

N 

)
(6) 

Table 4 shows the error of the measurement and the total un-

ertainty of the Nusselt number. The experimental results show an

ncertainty of around 7 %. 

. Result and discussion 

The measurement of outlet temperature difference was carried

ut for different Reynolds number and heat input for the proposed

icroscale method. Fig. 11 (a) shows the temperature measure-

ent at different locations along the microchannel with 70 mW

eat input (symbols). Table 5 gives the results in table form. The
emperature at the end of the heater shows the highest value. The

utlet temperatures, T out2 , T out3 , and T out4 show fairly consistent

alues. The simulated wall temperature profile (lines) is also plot-

ed in Fig. 11 (a). Experimental operating conditions and geome-

ries are used in this simulation. The simulations are performed

ith the assumption that the Nusselt number is 4.36. The simu-

ated wall temperature profiles at various Reynolds numbers show

ood agreement with the experimental values. For a low Reynolds

umber of 71, the simulation and the experimental results differ

rom each other noticeably. The temperature of the microchannel

hould increase up to 500 K. However, inaccuracies are found with

he measurement at extremely low Reynolds flows (Re < 300). The

rror starts to grow as the Reynolds number decreases below 284.

his growth in error can be verified by checking the consistency of

he outlet temperatures of the microchannel. The standard devia-

ions of T out2 , T out3 , and T out4 are calculated in Table 5 . The stan-

ard deviation begins to increase to more than 0.6 K when the

eynolds number approaches 300 or below. As the temperature

pproaches 400 K, other heat transfer mechanisms such as radi-

tion, rather than convection to the fluid, dominate the experi-

ental setup. Thus, it becomes difficult to control the experimental

etup and maintain a perfect fluid heat transfer condition. 

The comparison of the simulated wall temperature profile and

he experimental values indirectly implies existence of constant

usselt number ( = 4.36) when the Reynolds number is less than
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Table 5 

70 mW Test results. 

Location & Re # T in1 (K) T in2 (K) End of heater (K) T out1 (K) T out2 (K) T out3 (K) T out4 (K) Standard deviation for T out2 , T out3 , T out4 (K) 

Re = 71 302.00 374.92 442.77 435.67 431.23 426.03 427.34 2.20 

Re = 181 304.6 335.64 396.42 393.74 392.43 389.98 389.91 1.17 

Re = 284 303.41 320.27 368.18 365.82 365.32 363.92 363.93 0.65 

Re = 410 302.46 312.53 349.67 347.01 346.79 345.98 346.06 0.36 

Re = 576 301.38 307.79 336.96 333.91 333.65 333.13 333.26 0.22 

Re = 751 300.49 304.82 329.14 325.83 325.40 324.99 325.14 0.16 

Re = 940 299.04 302.11 323.17 319.70 319.07 318.7 318.83 0.15 

Re = 1126 298.61 300.90 319.615 316.07 315.27 314.86 314.98 0.17 

Re = 1321 298.35 300.07 316.96 313.40 312.44 311.95 312.06 0.20 

Re = 1512 298.23 299.75 315.27 311.72 310.65 310.14 310.25 0.22 

Re = 1781 297.97 298.85 311.85 308.41 307.15 306.49 306.56 0.29 

Re = 2014 298.13 299.30 313.354 309.85 308.66 308.07 308.14 0.26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 
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d  
20 0 0. If the Nusselt number decreases with the Reynolds num-

ber, the experimental wall temperature profiles may not agree with

those from the simulation. 

The temperature difference on the tube between the end of the

heater and 3 mm away from the heater was measured with an E-

type differential thermocouple. Fig. 11 (b) shows the measurement

of the temperature difference over different Reynolds numbers (in-

dicated by solid red circles). The temperature difference decreases

gradually as the Reynolds number decreases from 20 0 0 to 300.

When the Reynolds number declines below 300, the temperature

difference starts to increase. However, these conditions do not fol-

low the trend of the wall temperature profile from the numerical

work. For clarity, the temperature differences for Reynolds num-

bers less than 300 are indicated with open red circles. 

The temperature differences on the wall between a point at the

end of the heater and a point 3 mm away from the heater are

simulated with various Reynolds numbers and Nusselt numbers.

For Nusselt numbers lower than 4.36, the temperature differences

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-

creased for Reynolds numbers less than about 1500, as shown in

previous research [ 7 , 8 , 10 ], the temperature difference should in-

crease. However, the experimental temperature differences do not

indicate an increasing tendency for decreasing Reynolds number.

This comparison of experimental and simulated temperature dif-

ferences validates the theoretical result that the Nusselt number is

constant when the Reynolds number is less than 20 0 0 for flow in

microchannels. The disagreement of temperature difference at high

Reynolds numbers around 20 0 0 may be an indication of transition

to turbulent behavior of the heat transfer. 

Additional experiments were carried out with 0.1 W heat in-

put to the microchannel. Fig. 12 (a) shows the temperature mea-

surement at similar locations on the microchannel (symbols). The

Reynolds number was varied from 56 to 1824. The simulation wall

profiles are again depicted as lines in the figure. The measurements

and simulation show good agreement with each other for Reynolds

numbers higher than 300, which is similar to that for 70 mW heat

input ( Fig. 11 ). The standard deviation of the outlet temperatures

( T out2 , T out3 , and T out4 ) 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

t  
ndicated in Fig. 12 (b). The experimental temperature differences

o not show a decreasing trend as the Reynolds number decreases

hich validates that the Nusselt number is constant in the laminar

ow regime. 

Fig. 13 shows how the measured Nusselt numbers vary with

eynolds numbers with the new measurement technique. These

ata are compared to the apparent Nusselt number obtained from

he traditional measurements that assume a linear fluid tempera-
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Table 6 

0.1W test results. 

Location & Re # T in1 (K) T in2 (K) End of heater (K) T out1 (K) T out2 (K) T out3 (K) T out4 (K) Standard deviation for T out2 , T out3 , T out4 (K) 

Re = 56 312.39 400.29 472.60 461.0 454.25 447.38 449.76 2.84 

Re = 133 313.93 370.21 453.50 447.87 444.23 439.08 439.17 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 = 612 305.36 313.51 351.5 347.31 346.99 346.3 346.48 0.29 

Re = 857 303.82 308.89 339.85 335.13 334.45 333.93 334.08 0.21 

Re = 1199 302.48 305.52 330.54 325.6 324.46 323.88 324.01 0.24 

Re = 1394 301.64 304.54 327.67 322.7 321.33 320.70 320.83 0.27 

Re = 1824 301.39 303.40 323.09 318.19 316.54 315.67 315.73 0.39 

Fig. 13. Comparison of Nusselt number between the new measurement and the 

traditional measurement [ 15 , 22 ]. 
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ure profile [ 15 , 22 ]. The new measurement technique influences

he Nusselt number very little compared with the traditional mea-

urements undertaken previously and represents nearly an order

f magnitude improvement at low Reynolds number laminar flow.

he Nusselt number obtained from the new measurements show a

ear constant value for Reynolds numbers between 300 and 2000.

. Conclusion 

In this work, a new heat transfer coefficient measurement tech-

ique for the laminar flow regime has been developed for mi-

rochannels smaller than thermometer sizes, where axial thermal

onduction cannot be neglected. The method relies on the mea-

urement of wall temperature along the heater section, and a short

istance after the heater section. The measured temperature pro-

le is correlated with that obtained from simulation using different

usselt numbers to derive the measured Nusselt number. The axial

onduction effect is accounted for in the measurements which led

o a significant improvement over traditional measurement tech-

iques. The comparison indicates that the Nusselt number in a 160

m microchannel is independent of Reynolds number for the lam-

nar flow regime as it is in macrochannels, at least for Reynolds

umbers down to 300. 
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