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Abstract

The validity of friction factor theory based upon conventional sized passages for microchannel flows is still an active area of research. Several
researchers have reported significant deviation from predicted values, while others have reported general agreement. The discrepancies in literature
need to be addressed in order to generate a set of design equations to predict the pressure drop occurring in microchannel flow devices.

The available literature on single-phase liquid friction factors in microchannels is reviewed. A database is generated to critically evaluate the
experimental data available in the literature. An in-depth comparison of previous experimental data is performed to identify the discrepancies in
reported literature. It is concluded that the conventional Stokes and Poiseuille flow theories apply for single-phase liquid flow in microchannel
flows.

New experimental data is presented and the pressure drop components are carefully analyzed. The developed procedure properly identifies the
components of total pressure drop that allow for improved agreement with conventional theory.
© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

The use of microchannel flow passages is becoming more
common in a number of industrial applications. The heat and
mass transfer enhancements from the small diameter passages
is well documented and often relied upon in a practical system.

Kandlikar and Grande [1,2] describe the fabrication tech-
niques and possible trends in microchannels. They remark that
the fluid flow in microchannels is further reaching than just ef-
ficient heat transfer. It could open up completely new fields not
possible only a few years ago.

Steinke and Kandlikar [3] identified single-phase heat trans-
fer enhancement techniques for use in microchannels and
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minichannels. They speculate that this increase in heat transfer
performance from these techniques could place a single-phase
liquid system in competition with a two-phase system; thus
simplifying the over all complexity and reliability. However,
they point out that the added pressure drop resulting from the
techniques should be carefully evaluated.

Therefore, it is important to evaluate the predictive methods
for pressure drop occurring in a microchannel heat exchanger
(MCHX). The design of supporting equipment such as the fluid
pump and the secondary heat exchanger require an accurate es-
timate of the pressure drop in the MCHX.

Unfortunately, the validity of the conventional fluid flow the-
ories in microchannel fluid flows is still disputed. There are
experimental data sets that support both sides of the argument.
There is a great need to reconcile the discrepancies in the exper-
imental data and determine if the conventional theory applies or
if there needs to be new fundamental flow theories formulated
especially for microchannel flow passages.

Therefore, a database containing available experimental data
for single-phase liquid flow in microchannels is generated. The
discrepancies and deviations in the data are identified and clas-
sified. Specific experiments under carefully controlled condi-
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Nomenclature

a channel width. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
ai variable used to calculate parameter p

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

b channel height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
B bias error
C∗ normalized Poiseuille number
Dh hydraulic diameter = 4Ac/Pw . . . . . . . . . . . . . . . . m
e roughness height . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
f friction factor
G mass flux . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−2 s−1

K loss coefficient
L channel length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Lh hydrodynamic entrance length . . . . . . . . . . . . . . . . m
L+ non-dimensional entrance length
m exponent used in Eq. (10) = −0.58 for present work
N number of samples
p pressure; parameter . . . . . . . . . . . . . . . . . . . . . . . . . Pa
P wetted perimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Po Poiseuille number, = f ∗Re
Pw wetted perimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Q volumetric flow rate . . . . . . . . . . . . . . . . . . . . m3 s−1

rh hydraulic radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Re Reynolds number
uai uncertainty of variable ai

U total uncertainty

�V mean velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . m s−1

x axial location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
x+ non-dimensional flow distance

Greek

αc channel aspect ratio = a/b

� change in
κ Hagenbach factor
μ viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N s m−2

θ side wall angle . . . . . . . . . . . . . . . . . . . . . . . . . degrees
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

σ standard deviation
τw wall shear stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa

Subscripts

app apparent
b bulk or mean
c cross section
cp constant property
exp experimental
FD fully developed
i inlet
o outlet
tot total
w wall
tions are conducted to identify the pressure drop components.
This is followed by destructive inspection of the microchannels
to determine the deviations from prescribed geometry during
the microfabrication process. Finally, the conclusions based on
the extensive literature review and new experimental data ob-
tained in this study are presented.

2. Literature review of experimental data

The available literature contains over 150 papers that directly
deal with the pressure drop measurements in microchannels.
For the present study, the papers containing experimental data
are reviewed in depth. There are approximately 40 papers that
report the detailed experimental data.

In many papers, the authors report data for several different
hydraulic diameters. If a single occurrence of a diameter is con-
sidered to be an individual data set, there are approximately 220
data sets altogether in the papers that have been reviewed. The
total number of data points is over 5,000. The total number of
data sets and data points can be used to normalize the respective
quantities.

It is important to know what is included in the database to
determine the distribution of the data. The most common range
of hydraulic diameters and the most data points both are in the
100–200 µm. Fig. 1 shows the percentage of data sets and the
percentage of data points reported for each sub-range of hy-
draulic diameters.
Fig. 1. Distribution of data sets and data points for the range of hydraulic diam-
eters.

The papers used in the present work are shown in Table 1.
The ranges of the important microchannel fluid flow parameters
are reported. Not all of the parameters were reported by the
authors. As a result, some of the parameters are calculated by
the present authors using the data from the paper. The present
work includes both adiabatic and diabatic works with several
different channel geometries.

The Reynolds numbers investigated versus the hydraulic di-
ameters reported are plotted in Fig. 2. The general trend seen
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–109 D N Y
D N N

–180 D N N
154 D N N
154 D N N
–136 D N N
145 D N N

D N N
D Y Y

338 D N N
276 D N Y
89 D Y N

D Y Y
D Y Y

–490 A Y Y
–177 A Y Y
–396 A Y Y
–543 A Y Y
–482 D N N
154 D N N
–1070 A Y Y

A Y Y
3–5657 A Y Y

D Y Y
D Y Y
D Y Y

150 D Y Y
80 D Y Y

D – –
–288 D Y Y

A Y Y
–467 D N Y
–429 D Y Y

D Y Y
–406 D Y Y
Table 1
Selected literature for single-phase liquid flow in microchannel passages

Author Year Fluid/
Shape*

Dh (µm) αc = a/b Re f Re C∗ L/D

Tuckerman and Pease, [4] 1981 water / R 92–96 0.17–0.19 291–638 14.0–20.8 0.73–1.06 104
Missaggia et al., [5] 1989 water / R 160 0.25 2350 611.6 33.54 6
Riddle et al., [6] 1991 water / R 86–96 0.06–0.16 96–982 15.8–80.6 0.79–4.06 156
Rahman and Gui, [7] 1993 water / R 299–491 3.00–6.00 275–3234 2279.8–8720.2 121.89 -507.10 94–
Rahman and Gui, [8] 1993 water, R11 / R 299–491 3.00–6.00 275–3234 2279.8–8720.2 121.89 -507.10 94–
Gui and Scaringe, [9] 1995 water / Tr 338–388 0.73–0.79 834–9955 18.4–76.8 1.28–5.33 119
Peng et al., [10] 1995 methanol / R 311–646 0.29–0.86 1530–13455 ID ID 70–
Peng and Peterson, [11] 1995 water / R 311 0.29 214–337 ID ID 145
Cuta et al., [12] 1996 R124 / R 425 0.27 101–578 7.0–36.6 0.39–2.04 48
Peng and Peterson, [13] 1996 water / R 133–200 0.5–1.0 136–794 192.1–394.1 13.50–27.70 25–
Jiang et al., [14] 1997 water / C, Tr 8–68 0.38–0.44 0.032–26.1 3.6–48.9 0.22–3.05 69–
Tso and Mahulikar, [15] 1998 water / C 728 NA 16.6–37.5 ID ID 76–
Vidmar and Barker, [16] 1998 water / C 131 NA 2452–7194 28.4–89.2 1.77–5.58 580
Adams et al., [17] 1999 water / Tr 131 ID 3899–21429 ID ID 141
Mala and Li, [18] 1999 water / C 50–254 NA 132–2259 22.2–321.2 1.38–20.07 150
Papautsky et al., [19] 1999 water / R 44–47 5.69–26.42 0.002–4 19.8–32.1 0.98–1.41 164
Pfund et al., [20] 2000 water / R 253–990 19.19–78.13 55.3–3501 21.9–40.7 0.01–1.81 101
Qu et al., [21] 2000 water / Tr 51–169 1.54–14.44 6.2–1447 9.2–36.7 0.55–1.68 165
Qu et al., [22] 2000 water / Tr 62–169 2.16–11.53 94–1491 ID ID 178
Rahman, [23] 2000 water / R 299–491 3.00–6.00 275–3234 9119.2–34880.6 487–2028 94–
Xu et al., [24] 2000 water / R 30–344 0.58–24.53 5–4620 9.1–46.2 0.53–3.18 145
Chung et al., [25] 2002 water / C 100 NA 1.9–3237 41.2–33.3 0.89–2.08 875
Judy et al., [26] 2002 water, methanol, 14–149 1.00 7.6–2251 12.9–20.3 0.83–1.27 120

isopropyl / C, R
Lee et al., [27] 2002 water / R 85 0.25 119–989 19.4–43.6 1.06–2.39 118
Qu and Mudawar, [28] 2002 water / R 349 0.32 137–1670 12.1–33.4 0.70–1.94 128
Bucci et al., [29] 2003 water / C 172–520 NA 2–5272 14.0–51.9 0.87–3.24 ID
Jung and Kwak, [30] 2003 water / R 100–200 1.00–2.00 50–325 10.7–33.4 0.69–2.15 75–
Lee and Garimella, [31] 2003 water / R 318–903 0.17–0.22 558–3636 ID ID 28–
Park et al., [32] 2003 water / R 73 4.44 4.2–19.1 ID ID 654
Tu and Hrnjak, [33] 2003 R134a / R 69–305 4.11–11.61 112–3500 17.6–50.5 0.89–2.35 131
Wu and Cheng, [34] 2003 water / Tr, Ti 26–291 ID 11.1–3060 11.7–31.6 0.73–1.98 ID
Wu and Cheng, [35] 2003 water / Tr 169 1.54–26.20 16–1378 8.6–34.1 0.58–1.88 192
Baviere et al., [36] 2004 water / R 14–593 83.33 0.1–7985 21.5–71.8 0.91–3.04 138
Hsieh et al., [37] 2004 water / R 146 1.74 45–969 14.6–51.2 0.96–3.39 164
Owhaib and Palm, [38] 2004 R134a / C 800–1700 NA 1262–16070 ID ID 191

NA = Not Applicable, ID = Insufficient Data; *C = circular, R = rectangular, Tr = trapezoid, Ti = triangle; **A = Adiabatic, D = Diabatic; ***Y = Yes, N = No
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Fig. 2. Reynolds number vs. hydraulic diameters for the selected data sets.

in the figure is that as the hydraulic diameter decreases the
Reynolds number also decreases. This makes sense because the
pressure drop increases sharply as the hydraulic diameter is re-
duced and lower flow rates are employed. There are data for
very low Reynolds numbers, for laminar Reynolds numbers,
and for transitional flows. However, there seems to be little to
no data for turbulent flows in microchannels.

The channel aspect ratio is reported for each work. There
have been several different definitions for channel aspect ratio
in literature. For the present work, the channel aspect ratio, αc
is defined in Eq. (1).

αc = a

b
(1)

It is defined as the channel width, a, divided by the channel
height, b. The channel orientation in the microchannel heat ex-
changer is not critical for fluid flow as the cross-sectional flow
area is of primary concern. However, the orientation of the
geometry and the applied boundary conditions are crucial for
heat transfer. It would be desirable to have several deep, narrow
(i.e. αc < 1.0) microchannels than to have a few wide, shallow
microchannels. Given an adiabatic top, the deeper microchan-
nels would have a larger heat transfer area versus the shallower
ones and thus better performance.

The most common observation of discrepancy noted by re-
searchers is an early departure from the laminar theory that
suggests a lower critical Reynolds number. The f Re number
is non-dimensionalized using the theoretical value of f Re and
is given by:

C∗ = (f Re)exp

(f Re)theory
(2)

where f Reexp is the experimentally determined value and
f Retheory is the theoretical value determined by the channel
geometry. It would be more appropriate to evaluate the C∗ ratio
for each geometry.

Fig. 3 shows the C∗ ratio versus Reynolds number for all
of the available data sets. There are several data sets that show
good agreement and there are several data sets that show a great
Fig. 3. Non-dimensional Poiseuille number vs. Reynolds number for all of the
data sets.

deal of discrepancy. This fact leads to the current dilemma of
questioning conventional theory in microchannel flows.

There seems to be a common thread between all of the pa-
pers that have reported some form of discrepancy between the
experimental data and the predicted theoretical values. Those
authors that have not discussed the entrance and exit losses or
the developing length seem to be the same authors reporting the
discrepancies. The authors that have removed the added pres-
sure drop for the entrance and exit and the added friction factor
for the developing region also report good agreement with the
predicted theory.

Table 1 presents information on if the authors have account-
ing for the losses or the developing region in their test sec-
tions. However, it is possible to have an entrance condition and
a flow case that would give good agreement with theoretical
predictions. Nevertheless, it seems that this is the common oc-
currence. If the papers that do not account for these effects on
friction factor are removed, the database shows reasonably good
agreement with predicted theory.

Fig. 4 shows the C∗ ratio for the reduced data set. The re-
ported discrepancies in f are removed from the data when losses
and developing flow is considered. This makes sense because
both would be components of pressure drop that would serve
to add to the overall pressure drop and artificially increase the
friction factor. However, there is still some significant devia-
tion from the desired value of C∗ = 1.0. When error bounds
are applied to Fig. 4, the majority of the data falls between
0.6 < C∗ < 1.4. An explanation of this behavior could come
from experimental uncertainties, which will be described in the
uncertainty section.

Three papers have been identified to demonstrate agreement
with theory over the range of Reynolds numbers and a variety
of shapes. Figs. 5, 6 and 7 have been plotted using the same axis
to allow for direct comparison.

Fig. 5 shows the data from Papautsky et al. [19] whom in-
vestigated water flow in rectangular channels of hydraulic di-
ameters between 44 and 47 µm. The C∗ ratio is bounded by the
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Fig. 4. Non-dimensional Poiseuille number vs. Reynolds number for the re-
duced data sets.

Fig. 5. Non-dimensional Poiseuille number vs. Reynolds number for low lami-
nar Reynolds numbers, Papautsky et al. [19].

range 1.0 < C∗ < 1.4, which translates into an uncertainty of
+40%. The channel diameter is very small and the Reynolds
numbers are very low. The experimental uncertainties will be
quite large for low Reynolds numbers.

Fig. 6 shows data from Judy et al. [26] whom used water
flowing in the laminar Reynolds number range through circular
and rectangular tubes with hydraulic diameters between 14 to
149 µm. There is excellent agreement with the C∗ ratio being
bounded by −15% and +10%. The Reynolds numbers and the
channel hydraulic diameters are larger here and the uncertainty
is improving.

Finally, Fig. 7 shows the data from Bucci et al. [29] who
used water flowing in the transitional Reynolds number range
through circular tubes with hydraulic diameters ranging be-
tween 172 and 520 µm. Here, the C∗ ratio is bounded by ±10%.
Fig. 6. Non-dimensional Poiseuille number vs. Reynolds number for laminar
Reynolds numbers, Judy et al. [26].

Fig. 7. Non-dimensional Poiseuille number vs. Reynolds number for transi-
tional Reynolds numbers, Bucci et al. [29].

The channel diameters here are greater than 500 µm at times
with larger Reynolds numbers. There is excellent agreement in
the laminar region.

All three figures serve to demonstrate the changes in ex-
perimental uncertainties with flow range. Although some of
those authors did not directly site uncertainties, the scatter in
their data may be attributed to the experimental uncertainties.
The uncertainties are decreasing with an increase in Reynolds
numbers. In several recent papers, the researchers have been
more careful with the additional losses seen in complicated flow
structures used in microchannels, and as a result, are reporting
better agreement with conventional theory. However, it is im-
portant to explain the reasons for the discrepancies that exist in
the previous literature.
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3. Friction factor theory

The present work focuses on the flow of single-phase liq-
uids in microchannel passages. The compressibility effects, slip
boundary condition, and the rarefied flow concerns do not ap-
ply for these single-phase liquid flows in microchannels. For the
present work, it will be assumed that the continuum assumption
is valid for microchannels larger than 1.0 µm in hydraulic diam-
eter.

The starting point in the theoretical discussion will be the de-
finition of friction factor, f . One complication for determining
the friction factor is the two different definitions for f , Darcy
and Fanning. For the present work, the Fanning definition of
friction factor will be utilized, because it is more convenient
when performing diabatic experiments. It takes the same form
of the Colburn j factor equation. Therefore, a link between the
heat transfer performance and the pressure drop performance is
made through the f and j factors. The Fanning friction factor
is defined as the ratio of the wall shear stress to the flow kinetic
energy per unit volume and is found using Eq. (3).

f = τw

1/2ρ�V 2
(3)

where f is the Fanning friction factor, τw is the wall shear
stress, ρ is the fluid density, and �V is the average velocity. The
friction factor in terms of the pressure drop and mass flux is
given by:

f = ρ�pDh

2LG2
(4)

where �p is the pressure drop, Dh is the hydraulic diameter,
L is the passage length, and G is the mass flux. For laminar
flow, the Poiseuille number, Po = f Re, is constant. The f Re is
16 for a circular passage. The Poiseuille number is a function
of aspect ratio for a rectangular passage. It can be determined
using Eq. (5) from Shah and London [39].

f Re = 24

(1 − 1.3553αc + 1.9467α2
c

−1.7012α3
c + 0.9564α4

c
−0.2537α5

c

)
(5)

where αc is the channel aspect ratio. One constraint for this
equation is that the aspect ratio must be less than one. If the
channel aspect ratio is greater than 1.0, the inverse is taken to
use with Eq. (5).

The turbulent regime has several possible correlations to
choose from. Blasius for the smooth round tube correlation is
shown in Eq. (6).

f = 0.0791

Re1/4
(6)

This correlation is valid for the range of 2,100 < Re < 105 and
for e/D ratios < 1 × 10−6.

The pioneering work of Nikuradse [40] varied the rough-
ness of pipes using sand adhered to the walls using a lacquer.
He determined the dependence of friction factor upon a non-
dimensional wall roughness as seen in Eq. (7).

1√ = 3.48 − 1.737 ln

(
e

)
(7)
f D
for e/D ratios > 1 × 10−6, the friction factor can also be deter-
mined by using the implicit Colebrook [41] equation shown in
Eq. (8).

1√
f

= 3.48 − 1.7372 ln

{
e

D
+ 9.35

Re
√

f

}
(8)

This widely accepted correlation is the basis for the turbulent
region in the Moody [42] diagram. There are several explicit
correlations that demonstrate good agreement with the Cole-
brook equation. Each have different accuracies and intended
ranges. However, the available correlations are derived using
rough circular tubes.

The above equations are valid for both adiabatic and diabatic
flows. There is often a very large temperature gradient occur-
ring in a boundary layer that is quite large, compared to conven-
tional channels, affecting the temperature dependent properties.
The property ratio method for viscosity given in Kakaç et al.
[43] is given in Eq. (9)

f

fcp
=

(
μb

μw

)m

(9)

where fcp is the constant property friction factor, f is the prop-
erty corrected friction factor, μb is the viscosity of the fluid
calculated at the bulk fluid temperature, μw is the viscosity of
the fluid calculated at the wall temperature, and m = −0.58 for
laminar heating in a fully developed, circular duct.

4. Hydrodynamically developing flow

The hydrodynamically developing flow can become quite
important in microchannels. Due to the often short lengths, the
developing flow could dominate the entire flow length of the
microchannel. First, the definition of a non-dimensional flow
distance is defined in Eq. (10).

x+ = x

Dh · Re
(10)

where x+ is the non-dimensional flow distance and x is the
axial flow direction location. It is commonly accepted that for a
value of x+ = 0.05, the flow can be considered fully developed.

When considering the developing flows, the pressure drop is
now related to an apparent friction factor and is seen in Eq. (11),
Kakaç et al. [43].

�p = 2(fapp Re)μ�V x

D2
h

(11)

where fapp is the apparent friction factor, μ is the viscosity,
and x is the axial location of interest. If the entire length of the
microchannel is considered, the x term can be the microchannel
length.

The apparent friction factor consists of two components. The
first is the friction factor from the theory for the fully developed
flow and the second is the pressure defect (a.k.a. Hagenbach
factor) as given by Eq. (12).

�p = 2(f Re)μV L

D2
+ κ(x)ρ�V 2

2
(12)
h
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where κ is the Hagenbach factor given by:

κ(x) = (fapp − fFD)
4 · x
Dh

(13)

The Hagenbach factor will begin at a value of 0 and increase
to some fully developed constant value K(∞). Hagenbach fac-
tor has a dependence upon channel aspect ratio for rectangular
channels. Eq. (14), with an accuracy of 0.04%, determines the
fully developed Hagenbach factor for a rectangular channel.

κ(∞) =
(0.6796 + 1.2197αc + 3.3089α2

c
−9.5921α3

c + 8.9089α4
c

−2.9959α5
c

)
(14)

5. Pressure drop measurements in microchannel flows

There are several issues that need to be addressed when per-
forming pressure drop measurements in microchannel flows.
Generally, there are three main components that contribute to
the overall pressure drop. The inlet and exit losses need to be
quantified for the microchannel. The hydrodynamic developing
length needs to be carefully evaluated. Finally, the remaining
length will have the fully developed frictional loss.

Based upon the reviewed literature, the most common
method to measure the pressure drop involves making pressure
measurements inside the inlet and outlet manifolds. The dif-
ferent components of pressure that make up the entire pressure
drop are shown in Fig. 8. The inlet and outlet loss coefficients
are represented by κi and κo. The friction factor is higher in the
developing flow region. Finally, beyond the entry region, the
conventional theory for fully developed flow should apply. The
components of the total pressure drop can be seen in Eq. (15).

�p = ρ · �V 2

2

[
κi + κo + fapp · L

D

]
(15)

where κi is the inlet loss coefficient and κo is the outlet loss
coefficient. The friction factor used in Eq. (11) is the apparent
friction factor and accounts for the developing region.

Fig. 8. Components of pressure when measuring �p in microchannel mani-
folds.
Eqs. (12) and (15) can be combined to calculate the total
pressure drop. Eq. (16) shows all of the components in the total
pressure drop measurement.

�ptot = κiρ�V 2

2
+ κoρ�V 2

2
+ 2(f Re)μ�V L

D2
h

+ κ(x)ρ�V 2

2
(16)

The first two terms represent the inlet and exit losses, respec-
tively. The third term is the frictional losses resulting from the
fully developed flow. The last term represents the added pres-
sure drop due to the developing flow region.

Fortunately, the entrance and exit losses can be eliminated to
generate fundamental data. Several researchers have addressed
this issue. The unknown entrance and exit losses can be elim-
inated by using two different flow lengths. Bucci et al. [29]
measured the overall pressure drop in stainless steel capillary
tubes. They used a short length and a long length of tube with
the same entrance conditions. Therefore, the entrance and exit
losses are the same for each flow case and can be eliminated.

Tu and Hrnjak [33] fabricated a test section from clear
polyvinylchloride (PVC). There were two pressure taps located
over the microchannel and away from the inlet and exit mani-
folds. Baviere et al. [36] fabricated a microchannel with local
pressure channels away from the inlet and exit plenums in a
silicon substrate. The pressure transducers, fabricated from a
thin silicon membrane, were also incorporated into the silicon
substrate. Each of these works reported agreement with con-
ventional theory. Kandlikar et al. [44] also made local pressure
measurements in an aluminum channel. They reported agree-
ment with conventional theory for the smooth channels.

For a conventional system, the inlet and exit plenums are
sufficiently large in area to cause the flow to have a very low
velocity and create a smooth inlet. The entrance condition for
a microchannel could be considerably more complex. If the
plenums are not properly sized, an added component of dy-
namic pressure could be included in the pressure drop mea-
surements. A verification of the losses in the plenum would be
appropriate.

6. Experimental uncertainties in microchannels

The experimental uncertainties can become quite large for
a microchannel heat exchanger. The physical size of the sys-
tem being measured is a complication. The magnitudes of the
measurements can become a problem as well.

Fortunately, several of the standards for experimental uncer-
tainties still apply in the microscale. The two best standards for
determining experimental uncertainties are ASME PTC 19.1
[45] and NIST Technical Note 1297 [46]. There are many sim-
ilarities between these standards and many others. In general,
the total uncertainty is comprised of two parts; bias error and
precision error as given:

U = 2

√(
B

2

)2

+
(

σ√
N

)2

(17)

where U is the total uncertainty, B is the bias error, σ is the
standard deviation, N is the number of samples. The bias error
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is a measure of the systematic error and the precision error is a
measure of the random errors in the system.

When propagating errors, Eq. (18) gives the uncertainty of a
calculated parameter based upon the measured variables.

Up =
√√√√ n∑

i=1

(
∂p

∂ai
uai

)2

(18)

where p is the calculated parameter, ai is a variable used to
calculate p, and uai is the uncertainty of the variable ai. The
uncertainty in any parameter is the sum of the uncertainties of
the components used to calculate that parameter.

As stated previously, it seems that the vast majority of data
can be bounded by 0.6 < C∗ < 1.4. This translates into an un-
certainty of ±40%. Although this value might appear rather
large, for some of the experimental data sets it would actually
be consistent with their associated uncertainties. Eq. (19) shows
the propagated error for the f Re product, in terms of fractional
uncertainties.

Several authors have discussion experimental uncertainties
in their papers. This is similar to the results found by Judy
et al. [26]. They demonstrated that with some assumptions
about the flow and flow regime, the uncertainty is dominated
by 4 × Dh, compared to other measurements.

Uf Re

f Re
=
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)2

+
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U�p
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)2

+
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)2

+
(

UL

L

)2

+ 2

(
UG

G

)2

+
(

URe

Re

)2]1/2

(19)

It would be beneficial to determine the experimental uncertainty
of f Re based upon actual measured parameters. The expanded
uncertainty expression for f Re, based upon measured variables
is given by Eq. (20).

Uf Re
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=
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(20)

where Q is the volumetric flow rate. The equation presents the
uncertainty in f Re in actual measured variables and as such,
terms such as the a + b in the denominator are derived from the
propagation of the hydraulic diameter measurements. It can be
seen that the most dominant terms in the f Re uncertainty are
the measurements of microchannel width and height, and the
flow rate. Therefore, even with the most careful pressure drop
measurements, there is still going to be a large uncertainty due
to the measurement errors of the microchannel dimensions and
the flow rate. It is entirely plausible that some of the remaining
data sets could have experimental uncertainties as high as 40%
or higher. In addition, the pressure drop term is actually more
complex. The entrance and exit losses will add to the overall
uncertainty.
Fig. 9. Apparent friction factor vs. Reynolds number considering entrance and
exit losses. Line = theoretical prediction of f , square points = uncorrected
data, triangle points = corrected data; Adiabatic; a = 200 µm, b = 250 µm,
L = 10 mm.

7. New experimental data

A microchannel with a width of 200 µm, a depth of 250 µm,
and a length of 10 mm is used to provide new experimental
data to illustrate the different components of the total pressure
drop measurement. The details of the test section and the ex-
perimental facility are described in Steinke et al. [47]. The data
presented is for adiabatic, single-phase degassed water and cov-
ers the range of Reynolds numbers from 14 to 789. There are
26 parallel channels connected to a common header. The inlet
plenum and outlet plenums are in a polycarbonate cover plate.
The temperature and pressure are measured in the plenums. The
plenum areas are sufficiently large to ensure measurement of
only the static pressure.

The apparent friction factor is calculated from the measured
pressure drop. It is plotted versus Reynolds number in Fig. 9. It
is compared to the conventional friction factor theory for lam-
inar flow. The data points uncorrected for entrance and exit
losses are shown as squares. The experimental uncertainty is
calculated and the error bars are included.

There is deviation from the laminar flow theory as observed
in the data in the low Reynolds number range. However, the ex-
perimental uncertainties are quite large for this flow regime. As
the Reynolds number increases, the data begins to show good
agreement with the theory. Finally, the data begins to depart
from the predicted f Re approximately at a Reynolds number
of 300. This would suggest early transition to turbulent if a reg-
ular friction factor versus Reynolds number plot exhibited this
behavior. This is not an accurate representation of the measured
pressure drop.

The entrance and exit losses are calculated and subtracted
according to Eq. (20). These losses are found using the con-
ventional constriction and expansion area theory. The area ratio
changes are used to determine the loss coefficients. The cor-
rected data shows little difference to the uncorrected data in the
low Reynolds number region and a more significant change in
the higher Reynolds number region. However, this component
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Fig. 10. Apparent C∗ ratio vs. Reynolds number considering developing
flow. Line = theoretical prediction, square points = uncorrected data, triangle
points = corrected data; Adiabatic, a = 200 µm, b = 250 µm, L = 10 mm.

alone does not correct enough to demonstrate good agreement
with the theory.

The entrance lengths at the higher Reynolds numbers be-
come quite significant. For example, the last data point shown
in Fig. 10 has an x+ of 0.048 at the exit. This means that the
entrance length is 9.8 mm and the flow in the microchannel is
not quite fully developed at the exit and the entire flow length
is developing flow. This must be taken into account when com-
paring to the theoretical value. Therefore, the apparent friction
factor, fapp, must be utilized to compare with theory.

The C∗ ratio versus Reynolds number is shown in Fig. 10.
The C∗ ratio would be more appropriate to report for a mi-
crochannel geometry of this nature. It will also avoid confusion
between the regular friction factor and the apparent friction fac-
tor. For comparison purposes, the C∗ ratio for the uncorrected
data and the C∗

app ratio for the data corrected to account for the
developing flow portion are presented together.

The uncorrected data begins to rise in value after a Reynolds
number of 300. However, the data that is calculating C∗ based
upon the apparent friction factor continues to show good agree-
ment, within approximately 25% error. Although the data does
not match perfectly, there is good general agreement and the
trend is properly predicted.

8. Channel geometry evaluation

The channel dimensions have a major effect on the friction
factor calculations as seen from Eq. (20). The measurements for
the microchannels tested were first made using non-destructive
measurement techniques. The dimensions resulting from the
optical measurement technique yield a microchannel width of
201 ± 5 µm and a microchannel depth of 247 ± 5 µm. At the
completion of the testing, the microchannel test section was
cleaved in order to facilitate accurate cross sectional measure-
ments. Upon destruction, the profile of the supposed rectangular
microchannels is actually found to be trapezoidal in shape.

Fig. 11 shows an SEM image of the microchannel geome-
try tested. It can be seen that there is significant undercutting
Fig. 11. Actual cross section of tested microchannel. a = 194 µm, b = 244 µm,
L = 10 mm, θ = 85 degrees, Dh = 227 µm.

Fig. 12. Apparent C∗ ratio vs. Reynolds number considering measured cross
section. Line = theoretical prediction, square points = rectangular data, tri-
angle points = trapezoid data; Adiabatic, trapezoid top width =194 µm,
height = 244 µm, L = 10 mm, θ = 85 degrees.

of the fin area in these microchannels. The width at the top
is 194 ± 1 µm. The depth is 244 ± 1 µm with a sidewall an-
gel of 85 degrees. This profile could not be obtained from
non-destructive measurement techniques. Over twelve mea-
surements of the height and width are made along the flow
length of the microchannel. The mean of those measurements
are used to determine the hydraulic diameter.

The microchannel cross section is not a true trapezoid. How-
ever, careful measurements are made to determine the cross
sectional area and the proper hydraulic diameter is calculated.
The equivalent trapezoid has an angle of 85 degrees. The cor-
responding f Re number is 14.5 for trapezoidal ducts with that
side wall angle and aspect ratio.

The friction factor is now using the corrected geometry for
the new trapezoidal cross section. The apparent C∗ is shown
in Fig. 12. It can be seen that the data now shows improved
agreement with theory when the inlet and exit losses and devel-
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Fig. 13. Surface roughness in the microchannels. Side wall e/Dh = 0.01, Bot-
tom wall e/Dh = 0.007.

oping flows are accounted for. Using the non-destructive mea-
surement method, the remaining error in the higher Reynolds
number range is 33%. After the cross section has been measured
using a cut of the test section, the resulting hydraulic diameter
is 227 µm and the error is reduced to 24%. In addition to iden-
tifying the channel as a trapezoid, the area reduction resulting
from the rounded corners was accounted for while calculating
the equivalent hydraulic diameter.

The remaining discrepancies can be attributed to using
f Reapp values for a true trapezoidal duct, as no data is avail-
able for the trapezoidal geometry with rounded corners. Also,
the first order K factors used for inlet and exit losses based upon
conventional empirical data can be attributed to the remaining
discrepancies.

9. Surface roughness measurements

Finally, the surface roughness of the microchannel walls is
another important parameter. In conventional sized channels,
the surface roughness has been identified to play a dominate
role only in the turbulent region. The data reduced from previ-
ous literature suggest the same trend for microchannels. How-
ever, this is still an open topic of discussion. It would be im-
portant for researchers to report the surface roughness in their
work in order to build confidence in that statement.

Fig. 13 shows the nature of the surface roughness in the
present microchannel test sections. The pictures of the side wall
and bottom wall surfaces showing surface roughness features
are obtained using scanning electron microscope (SEM) and are
shown in the figure. The majority of the surface has a very small
e/Dh ratio, approximately 0.002. The bottom wall does have
some roughness features seen in the bottom inset. The average
size of those features is 1.5 µm, making the e/Dh ratio approxi-
mately 0.007. The side wall has larger roughness features due to
the method of fabrication. These features are an artifact of the
deep reactive ion etching processes used. The average rough-
ness feature for the side wall is 2.5 µm and the resulting e/Dh
ratio is 0.01. The measurement of the surface roughness for fu-
ture microchannel works should be carefully evaluated.
10. Conclusions

There are over 150 papers specifically addressing the topic
of fluid flow and heat transfer in microchannels. Approximately
40 of those papers present useful data on friction factors in
microchannels. A database of over 5,000 data points has been
generated. The present work includes a Reynolds number range
of 0.002 < Re < 5,000 and a hydraulic diameter range of 8 <

Dh < 990 µm.
An explanation for the deviation in data has been presented

for the first time. The papers that do not account for the en-
trance and exit losses or the developing flow in the microchan-
nel are the same papers that report significant deviation from
theory. The remaining data sets show agreement with conven-
tional theory. Therefore, the conventional friction factor theory
is applicable for the range of Reynolds numbers and hydraulic
diameters included.

Experimental uncertainties can become quite large for mi-
crochannel heat exchangers. It is demonstrated that the uncer-
tainty in f Re is dominated by the microchannel width and
height measurements. Even a very accurate pressure drop mea-
surement will often be overshadowed by the geometry measure-
ment uncertainties.

The components that contribute to the total pressure drop
occurring across a microchannel heat exchanger are identified.
The components include the inlet and outlet losses, the devel-
oping flow losses, and the fully developed flow losses.

New experimental data is generated to demonstrate the pro-
cedure for correcting the measured pressure drop. First, the data
is corrected for inlet and exit losses and then it is corrected for
developing flows. The corrected data shows good preliminary
agreement in value and trend with the conventional theory for
laminar fluid flow.

The microchannel geometry must be carefully evaluated.
There is no substitute to accurate measurements obtained
through destructive measurement of the channel geometry. The
profiles of the flow passage must be carefully determined while
reducing the experimental data for obtaining the experimental
friction factors.
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