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Abstract-Turbulent, single-phase forced convection of water in circular microchannels with diameters of 
0.76 and 1.09 mm has been investigated. The data show that the Nusselt numbers for the microchannels 
are higher than those predicted by traditional large channel correlations. Based on the data obtained in 
this investigation, along with earlier data for smaller diameter channels, a generalized correlation for the 
Nusselt number for turbulent, single-phase, forced convection in circular microchannels has been developed. 
The diameter, Reynolds number, and Prandtl number ranges are 0.102~1.09 mm, 2.6 x lo’-2.3 x 104, and 
1.53-6.43, respectively. With a confidence level of greater than 95%, differences between experimental and 

predicted Nusselt number values are less than k 18.6%. 80 1997 Elsevier Science Ltd. 

INTRODUCTION 

Highly subcooled single-phase forced convection in 
microchannels is an effective cooling mechanism with 
a wide range of applications. Among these are the 
cooling of such diverse systems as accelerator targets, 
high power resistive magnets, compact fission reactor 
cores, fusion reactor blankets, advanced space ther- 
mal management systems, manufacturing and 
materials processing operations, and high-density 
multi-chip modules in supercomputers and other 
modular electronics. The power densities in some of 
these systems (e.g. accelerator targets and high power 
resistive magnets) reach as high as 4.5 MW 1-l. Such 
power densities are nearly two orders of magnitude 
higher than the average power density in the core of 
a current commercial light water reactor. 

Since the hydraulic diameter of a microchannel may 
be comparable to or smaller than the largest eddies in 
turbulent flow, it has been postulated that the tur- 
bulent mechanism for heat and momentum transfer 
may be suppressed at otherwise turbulent Reynolds 
numbers [l]. A wide range of empirical Nusselt-type 
correlations for channel flow have been reported; 
these were generally obtained using hydraulic diam- 
eters of two centimeters or more. The extent to which 
predictions of these correlations differ from the actual 
Nusselt numbers for channel diameter 62 mm has 
not been well established. 

A small number of investigators have looked at 
turbulent convection in small passages, starting with 
a study by Levy et al. [2] of turbulent forced con- 
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vection in rectangular channels. The channels mea- 
sured 2.54 x 63.5 mm (0.1 x 2.5 in), the corresponding 
hydraulic diameter is 4.88 mm. Over the range of 
Reynolds numbers investigated (104-105), the data 
were nearly 3&50% below values of the heat transfer 
coefficient predicted by the Seider-Tate equation. Of 
further interest was a study by Lancet [3] of turbulent 
air flow through gaps measuring 0.58-0.64 mm 
(0.023-0.025 in). Lancet’s data showed a strong 
dependence of friction factor on surface roughness ; at 
a Reynolds number of 4 x 104, a nearly hydraulically 
smooth surface produced friction factors nearly twice 
the values expected for a smooth duct. 

Gambill and Bundy [4] studied both momentum 
and heat transfer in thin rectangular channels with 
gap sizes ranging from 1.09 to 1.45 mm (0.043-0.057 
in) corresponding to hydraulic diameters of 1.91-2.67 
mm (0.075-o. 105 in). For Reynolds number ranging 
from 9 x lo3 to 2.7 x lo’, they found the friction fac- 
tors to be in relatively good agreement with the 
Moody diagram, while the heat transfer coefficients 
were slightly higher than those predicted by the 
Seider-Tate equation, thus calling into question the 
earlier results of Levy and Lancet. 

Acosta et al. [5] studied momentum and mass trans- 
port in narrow rectangular channels with hydraulic 
diameters of 0.96 and 0.38 mm ; both laminar and 
turbulent conditions were studied. Correlations for 
much larger channels were found to be adequate, and 
it was reasoned by the heat and mass transfer analogy 
that the heat transfer correlations should also be valid. 
It was noted, however, that optically smooth walls 
were necessary to satisfy the condition of hydraulic 
smoothness and that both the friction factor and mass 
transfer coefficient were highly dependent on surface 
roughness. 

In an experimental investigation to verify a theor- 
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NOMENCLATURE 

A heat transfer area of microchannel [m’] Nu Nusselt number (h + D/k,) 
C constant in heat transfer enhancement Pr Prandtl number (p * c/k) 

function e heat transfer rate [W] 

;, 
specific heat [kJ kg-’ * “C -‘I Re Reynolds number (pR * V * II//.+,) 
inside diameter of microchannel [mm] V velocity of water [m s-l]. 

f 
reference diameter in equation (9) 
friction factor 

F heat transfer enhancement function Greek symbols 

[equation (9)] p dynamic viscosity [kg (m - s) -'I 

h average heat transfer coefficient for P density [kg m-‘1 

microchannel 
(IJ enhancement ratio (Nu,,&Nu~~~,& 

i enthalpy [J kg-‘] 
K parameter in Petukhov correlation Subscripts 
k thermal conductivity [w (m * “C) ‘1 fl fluid 
LMTD log mean temperature difference Gn based on the Gnielinski correlation 

[“Cl in at fluid inlet 
in mass flow rate of water [kg s-‘1 out at fluid exit. 

etical model for a microelectronic heat sink, Nayak et 
al. [6] employed rectangular flow channels with 1000 
pm gaps corresponding to hydraulic diameters of 1.7 
mm. The theoretical model was developed by Hwang 
et al. [7] and incorporated standard correlations for 
both the friction factor and heat transfer coefficient. 
Nayak found lower temperatures and much higher 
pressures than predicted by the model. The lower tem- 
perature rises could be partially explained by the mod- 
el’s assumption of negligible conduction effects, how- 
ever, the reason for the large discrepancy in pressure 
drops was not clear. 

Other microelectronic heat sink studies have uti- 
lized turbulent convection in small rectangular chan- 
nels ; both theoretical models and experimental inves- 
tigations have been reported. The experimental works 
are usually aimed at verifying the theoretical models. 
For manufacturing ease, however, most of these 
experiments used large scale test sections rather than 
actual scale models. (Nayak et al. is a notable excep- 
tion.) Furthermore, the standard heat transfer cor- 
relations used in the models were often cited as one of 
the main sources of error between experiment and 
theory. In an excellent review of this work, Phillips [S] 
calls for improved turbulent heat transfer correlations 
for microchannels, especially for lower Reynolds 
numbers. 

Wang and Peng [9] investigated single-phase forced 
convection of water and methanol in rectangular 
microchannels with hydraulic diameters ranging from 
0.311 to 0.747 mm. They found that the transition to 
turbulent flow was initiated at Reynolds numbers of 
1000-l 500. They also reported that their heat transfer 
data could be well predicted by a modification of the 
Dittus-Boelter equation in which the constant has 
been changed from 0.023 to 0.00805. Liquid tem- 

perature, velocity and microchannel size all strongly 
affected the heat transfer behavior. 

Peng and Peterson [lo] studied the effect of 
geometry on single-phase forced convective heat 
transfer of water in rectangular microchannel grooves 
on flat plates. The hydraulic diameters of the micro- 
channels varied from 0.311 to 0.367 mm. The fric- 
tional pressure drop was generally smaller than would 
be predicted by traditional friction factor relation- 
ships. The Reynolds number for transition to tur- 
bulent flow was also smaller than for ordinary chan- 
nels, in agreement with Wang and Peng [9]. 

Recognizing the apparent lack of systematic 
research on heat and momentum transport in mic- 
rechannels, Yu et al. [ 1 l] recently studied the fluid 
flow and heat transfer characteristics of dry nitrogen 
gas and water in circular tubes of diameters of 19, 52 
and 102 micrometers. Both the laminar and turbulent 
regimes were studied with Reynolds numbers ranging 
from 250 to nearly 2 x IO4 and Prandtl numbers of 
0.7-5.0. Friction factors were slightly lower than the 
Moody chart values for both the laminar and tur- 
bulent regimes. Nusselt numbers for the cooling of 
water in the turbulent regime, however, were con- 
siderably higher than would be predicted for larger 
tubes, suggesting that the Reynolds analogy does not 
hold for microchannel flow. The heat transfer exper- 
iments were performed with water only. 

In the above cited literature, there is considerable 
disagreement as to the effect of small channel size on 
turbulent convection. Most of the studies involved 
rectangular channels and did not isolate the possible 
additional effect of aspect ratio. Furthermore, though 
gap sizes in these studies were often small fractions of 
a millimeter, the widths of the flow passages were often 
much larger. In some cases, the hydraulic diameters 
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Fig. 1. Schematic of the experimental test loop. 

approached or surpassed the 2 mm value for which 
Kakac et al. [l] expressed reservations as to the appli- 
cability of traditional correlations. With the exception 
of Yu et al. [ll], there seems to be a lack of reliable 
data on turbulent single phase convection in circular 
microchannels. More importantly, no reliable exper- 
imental evidence has been found as to the smallest size 
channel for which traditional Nusselt number cor- 
relations can be applied without significant error. To 
this end, this investigation has been undertaken. Sin- 
gle-phase forced convection in circular microchannels 
with diameters of 0.76 and 1.09 mm has been exam- 
ined. The channel size range has been selected to 
complement the data provided by Yu et al. [ 111. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Figure 1 shows a schematic diagram of the exper- 
imental test loop. Distilled water in a constant tem- 
perature bath at atmospheric pressure is pumped 
through the test section by a carbon vane pump. A 
bypass valve provides coarse control of the flow rate, 
while a needle valve downstream of the pump provides 
for fine flow rate adjustment. Depending on the flow 
rate, water enters one of two rotameters before enter- 
ing the test section itself. Water from the exit of the 
test section is returned to the constant temperature 
bath. A bourdon pressure gage measures pressure at 
the test section inlet. A differential pressure transducer 
(Rosemount model 115 1 DP5E22) measures the pres- 
sure drop across the test section. 

Figure 2 gives a detailed view of the 0.76 mm inner 
diameter test section. The entire test section is 
machined from a single piece of solid cylindrical 
copper. The flow passage was produced using the elec- 
trode discharge machining (EDM) technique. An 
unheated length of 63.5 mm precedes the heated length 
of 50.8 mm, which is followed by an exit length of 
38.1 mm. The entry length is sufficiently long to assure 

t 
Fig. 2. Details of the 0.76 mm test section. 

fully developed conditions at the heated section inlet. 
Both the entry length and the exit length have an outer 
diameter of 9.53 mm (3/8 in.) to facilitate the use of 
standard compression fittings. The heated length itself 
has an outer diameter of 38.1 mm (1 l/2 in.) in order 
to accommodate the electrical resistance band heaters 
which surround it, and also to enhance axial con- 
duction so that the boundary condition at the inner 
diameter more closely approximates a constant tem- 
perature rather than a constant heat flux condition. 
In order to minimize axial heat losses from the heated 
section, the outer diameter is reduced to 3.2 mm for a 
length of 12.7 mm on either side of the heated length. 
Insulation surrounds the entire test section. 

Six copper-constantan (type T) thermocouples are 
embedded in the copper test section at 6.35 mm axial 
intervals starting at 9.53 mm from the leading edge of 
the heated section. The radial locations of the ther- 
mocouple beads alternate between 12.7 and 6.35 mm. 
Type T thermocouples are also located at the inlet and 
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the exit of the test section to measure the inlet and 
exit fluid temperatures. All thermocouples are con- 
nected to an EXP-16 multiplexer board which is in 
turn connected to a DAS-8 data acquisition board 
installed in a personal computer. Both boards are 
manufactured by Keithly-Metrabyte. 

The 1.09 mm test section is designed in a similar 
fashion. A schematic diagram of that test section, 
along with its dimensions, is shown in Fig. 3. Voltage 
to the band heaters was controlled by use of a Variac 
transformer, allowing for variable power input. The 
power was measured by simultaneously measuring the 
voltage and current to the heaters with multimeters 
which were calibrated against a calibrated wattmeter. 
When steady state conditions are reached, typically 
within 30-60 min, the heat removal rate by the fluid 
can be measured by applying a macroscopic energy 
balance : 

where the inlet and exit enthalpies are evaluated at 
the temperature and pressure of the inlet and exit, 
respectively. The difference between the calculated 
heat removal rate by the water and the measured 
power input was generally less than 10%. Ambient 
convective losses were estimated and found to be neg- 
ligible, generally considerably less than 1% of the 
power input. 

The temperatures obtained from the thermocouples 
in the heated section were used in conjunction with a 
finite difference model developed with the software 
EES (Engineering Equation Solver) [12] to obtain 
the temperature distributions within the copper. The 
resolution of the calibrated type T thermocouples was 
k 0.3-C. Only one thermocouple measurement within 
the copper was used at a time in the finite difference 
code. In this way, several temperature distributions 
were obtained, each based on one measured copper 
temperature and its location. The differences between 
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Fig. 3. Dimensions of the 1.09 mm test section. 

Table 1. Range of experimental parameters 

Diameter 
Velocity 
Reynolds number 
Prandtl number 
Heat flux 

0.76 and 1.09 mm 
up to 18.9 m SC’ 
3.2 x IO’-2.3 x IO4 
3.7-6.43 
up to 3.0 MW mm’ 

these temperature distributions are primarily due to 
uncertainties in the individual thermocouple output 
and its location. The averages of the wall temperatures 
at the inlet and exit of the heated section were obtained 
from these finite difference solutions, and then used 
to define an average log mean temperature difference 
(LMTD) for the microchannel. This temperature 
difference, in turn, was used to obtain the average heat 
transfer coefficient 

h= Q” 
A x LMTD 

where A is the area of the inner surface of the heated 
section. The corresponding Nusselt number was then 
calculated : 

N+ 
” 

The thermal conductivity of the water was calculated 
at the average fluid bulk temperature. Table 1 sum- 
marizes the overall range of experimental parameters. 

RESULTS AND DISCUSSION 

It was desired to compare the experimentally 
obtained Nusselt number data with the best available 
correlation for the given range of Reynolds and 
Prandtl numbers. One of the most accurate cor- 
relations for single-phase forced convection is that 
suggested by Petukhov [13] ; the correlation has a 
reported accuracy of - 5% : 

Nu = 
K+ 12.7(f/8)“2(Pr2’3 - 1) 

(4) 

where 

K = 1.07 + (900/Re) - [0.63/( 1 + lOPr)] (5) 

andfis the D’Arcy friction factor. The correlation is 
valid for Reynolds numbers and Prandtl numbers in 
the ranges of 104-lo6 and 0.5-2000, respectively. Gni- 
elinski [14] modified the Petukhov correlation to 
extend the Reynolds number range down to 2300. The 
Gnielinski correlation is given by 

Nu = ~__ UFW- 1OWf’~ 
1+ 12.7(f/8)“2(Pr2’3 - 1) 

(6) 

The friction factor in equation (6) is calculated using 
the Filonenko [ 151 correlation : 
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,f=(l.8210g(Re)-l.64)-2. (7) 

A significant fraction of our data falls below the 
lower Reynolds number limit for the Petukhov cor- 
relation. Hence, the Gnielinski correlation [equations 
(6) and (7)] has been used for comparison with the 
data. Figure 4 shows the variation of the experimental 
Nusselt numbers with Reynolds number for the two 
channels examined. Also plotted are curves cor- 
responding to the values of Nusselt number as pre- 
dicted by the Gnielinski correlation for both the low- 
est and highest Prandtl numbers covered by the data, 
namely, 4.21 and 6.43. Clearly, the experimental Nus- 
selt numbers are generally higher than those predicted 
by the Gnielinski correlation. The deviation between 
the experimental and predicted Nusselt numbers is 
more significant for the 0.76 mm microchannel than 
the 1.09 mm channel. For microchannels, it is clear 
that a reduction in channel diameter results in further 
deviation from the predicted Nusselt numbers by tra- 
ditional large-channel correlations. 

Nusselt numbers were also calculated using the larg- 
est and smallest LMTD obtained from the finite 
difference solutions of the temperature distribution. 
On average, these values varied by only + 3.3% from 
the value calculated from the average LMTD. These 
differences are caused by the errors in the individual 
thermocouple readings used in the finite difference 
analysis. A detailed analysis using error propagation 
techniques for all the experimentally measured vari- 
ables was also performed. Given that the errors in 
thermocouple readings, mass flow rate, and pressure 
drop were 0.3”C, 1 x 10m4 kg SK’ and 3.4 kPa (0.5 
psi), respectively, an average uncertainty estimate of 
f 13% was calculated. Within this error, the data still 
consistently fall above the Gnielinski correlation. 

It was also desired to compare the Nusselt number 
data with the data collected by Yu et a/. for their 0.102 

mm diameter channel. Experimental Nusselt numbers 
were compared to the values predicted by the Gnie- 
linski correlation for the same Reynolds and Prandtl 
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Fig. 4. Comparison of experimental Nusselt numbers to the 
Gnielinski correlation. 
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Fig. 5. Comparison of experimental to predicted Nusselt 
numbers based on the Gnielinski correlation. The data for 

D = 0.102 mm were provided by Yu ct al. [l I]. 

numbers (Fig. 5). The data are clearly well above the 
Gnielinski correlation values ; for Reynolds numbers 
near the upper limit of the experimental range, the 
measured Nusselt numbers for the 0.102 mm diameter 
channel are nearly two and a half times the predicted 
value. This enhancement, i.e. the ratio between the 
experimental Nusselt numbers and those predicted by 
conventional correlations such as that of Gnielinski, 
is inversely proportional to microchannel diameter. 
The data of Yu rt al. [l 1] (D = 0.102 mm) show the 
most enhancement, while the 1.09 mm channel exam- 
ined here shows the least enhancement. 

Figure 6 shows the dependence of the enhancement 
ratio, CD, defined as the experimental Nusselt number 
divided by Nusselt number predicted by the Gnielinski 
correlation, on the microchannel diameter and Rey- 
nolds number. For the smallest diameter of 0.102 mm, 
the enhancement ratio clearly increases with increas- 
ing Reynolds number and reaches a value of nearly 2.5 
at a Reynolds number of - 2 x 104. The enhancement 
ratio for the 0.76 mm microchannel shows a less steep 
dependence on Reynolds number with a value of - 1.8 
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Fig. 6. Reynolds number dependence of the enhancement 
ratio. The data for D = 0.102 mm were provided by Yu et 

al. [I I]. 
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Fig. 7. Comparison of experimental to predicted Nusselt 
numbers based on equations (8) and (9). The data for 

D = 0.102 mm were provided by Yu ef al. [ 1 I]. 

at a Reynolds number of nearly 2 x 10“. For the largest 
diameter of 1.09 mm, the enhancement ratio is slightly 
above unity with no clear dependence on Reynolds 
number within the examined range. 

Given these trends of heat transfer enhancement 
with diameter and Reynolds number, a modification 
of the Gnielinski correlation to accommodate the 
small diameters encountered in microchannels was 
sought in the following form : 

Nu = Nu,,(l +fl 

where F is given by 

F= C&(1-($). 

A least-squares fit of all three sets of data gives 
C = 7.6 x lo-’ and D, = 1.164 mm. With the cor- 
relation cast in this form, D, represents the diameter 
for which equations (8) and (9) predict no enhance- 
ment of the Nusselt number over that predicted by the 
Gnielinski correlation. The diminished heat transfer 
‘enhancement’ as D, is approached is evidenced by the 
data for the 1.09 mm diameter channel. On the other 
hand, as the diameter becomes vanishingly small, the 
enhancement ratio predicted by equations (8) and (9) 
becomes a function of Re only. 

Figure 7 gives a comparison of experimental Nus- 
selt numbers to values of Nusselt number predicted 
by equations (8) and (9). A statistical analysis of the 
errors between experimental and predicted values 
reveals that for a 95% confidence level, the differences 
between the data and predicted values using equations 
(8) and (9) are less than + 18.6%. The mean value of 
the absolute value of error is 9.0%. The range of 
validity of equations (8) and (9) is 
2.6 x 10’ < Re < 2.3 x 104, 1.53 < Pr < 6.43, and 
0.102mm<D< 1.09mm. 

CONCLUSION 

An experimental investigation of the heat transfer 
characteristics of microchannels was performed. Heat 

transfer coefficients and Nusselt numbers for water 
flowing through circular channels of diameters 0.76 
and 1.09 mm were experimentally determined and 
found to be higher than would be predicted by tra- 
ditional Nusselt numbers correlations such as the 
Gnielinski correlation. The data were compared to 
data collected by Yu et al. [l l] and the trends in heat 
transfer enhancement found to be in agreement. The 
data suggest that the extent of enhancement (devi- 
ation) increases as the channel diameter decreases and 
Reynolds number increases. Maximum enhancement 
ratios of nearly 2.5, 1.8 and 1.1 were obtained at 
Reynolds numbers of -2 x lo4 for channel diameters 
of 0.102, 0.76 and 1.09 mm, respectively. A modi- 
fication of the Gnielinski correlation to accommodate 
this enhancement caused by the small microchannel 
diameters was developed from a least squares fit of 
the experimental data combined with the data of Yu 
et al. With a confidence level of greater than 95%, 
differences between experimental and predicted Nus- 
selt number values using equations (8) and (9) are less 
than + 18.6%. 
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