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Abstract: Investigation of gas and liquid flow through micro-channels were carried out to generate data. 
The two test models akin in rectangular cross-section of equivalent diameters 387 and 327 µm were used. 
Each channel of length 192 mm were fabricated on a 304 stainless steel substrate by chemical milling and
the top covered with another plate of 0.5 mm by vacuum brazing. Air, ethanol, methanol and mixture
were used as flow media. Measured pressure drop and flow rate data were used to evaluate friction
factors. In the laminar region friction factor-Reynolds number relation analysis indicated the dependence
on fluid phase, resulting friction constant identical as normal channels for liquid flow and higher for gas
flow.  Transition region lies in Re>500 and transition setoff at lower Re~500 in comparison to normal
channel. The discontinuity in friction factor-Reynolds number data identified as transition.
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INTRODUCTION

A major contribution of technological revolutions
by science and engineering community has resulted in
design optimisation, size reduction and enhanced
performance of various systems. These include
applications like electronics and communication, space
and  earth  sc ience ,  m ic ro -po wer genera t io n ,
bioengineering, biomedical and instrumentation and the
rest. Micron sized instrument sensors and systems with
MEMS evolved as a consequence of relentless efforts
and the break through set by researchers. One area that
is exploited in large is micro-fluidics and micro-channel
applications. Perhaps, the first to conduct a systematic
research into micro-scale flow and heat transfer is
Tuckermann & Pease . Several investigations ensued[1 ,2]

which dealt with flow of gases  and liquids  through[3] [4-8]

micro-geometries. Fluid flow through micro-scale flow
geometries is encountered in numerous engineering
systems such as cooling of electronic devices and
compact heat exchangers. Micro-channel flows have
been used for liquid dosing and flow measurement .[9]

Non-circular geometries are often adopted because of
their simplicity in fabrication as compared to circular
channels. By far micro-scale flow passages are
concerned; the literature sources are more recent.

Issues pertaining to micro-channel heat exchangers
studied by Peterson , Ravigururajan et al.  and[10] [1 1 ]

Faghri . Yu et al.  examined laminar flow of[12] [13]

nitrogen and water in smooth micro-tubes with

diameters of 19.6 to 102 µm. It is found that friction
constant f.Re was significantly less than the classical
value of 64 and further concluded that friction factors
in turbulent flow were also less than the classical
values for flow in smooth tubes. Theoretical approaches
to fluid flow and heat transfer as well were reported

.[14,15]

The substrates used were silicon, glass, copper and
stainless steel.  Water, methanol and n-propanol were
used as liquid media and nitrogen, oxygen, helium,
argon and hydrogen as gaseous media for experiments.
Micro-channel geometries parameters varied from a
fraction of a mm to a few 100s of mm. There had
been limited study with mixtures of fluids .[1 6]

Rathnasamy et al.  investigated flow of alcohols [17,18]

and its mixtures in long serpentine micro-channels in
addition to gases (air, nitrogen and oxygen). Bayraktar
and Pidugu  concluded, in the review paper, that[19]

experimental results on pressure drop and friction factor
measurements reported in the literature are mostly
inconsistent and contradictory. Previous studies on the
topic of fluid flow and heat transfer are reviewed by
Steinke and Kandlikar  and tried to explain the[20]

deviation in data by conducting experiments. In the
absence of accurate channel dimensions, it is concluded
that deviations came from the measurement uncertainty
of micro-channel dimension in conjunction, with inlet
and exit losses. Jung and Kwak  conducted fluid flow[21]

and heat transfer experiments in rectangular micro-
channels  by and  offered a friction factor correlation
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Deq(f=56.9/Re ) close to theoretical value. The friction
coefficient measured by Jung et al.  with nanofluids[22]

2 3of Al O  in micro-channels decrease to some extent.
There is general agreement in the literature that the
high relative roughness of micro-channels reduces the
critical Reynolds number for transition to turbulent
flow. It is well known that roughness influences the
transition to turbulent .[23]

These studies provide substantial evidence to prove
that flow and heat transfer in micro-channels need to
be addressed differently compared to conventional
channels. It appears that, firstly, the transition from
laminar to turbulent flow takes place at a low Reynolds
number and secondly, friction factor and heat transfer
cannot be described by the empirical relations used for
normal geometries. There is a need for more
experimental data on a variety of fluids and flow
geometries (i.e; channel dimensions and relative
roughness) so that some generalized conclusions can be
evolved. Table 1 summarise those aspects of previous
studies on micro-channels. In this study friction factor
measurement is done for two parallel channelled test

eq modules having l/D ~500. Test module MC1 of
Rathnasamy et al. is also experimented for gas flow to
validate the results.

M icro-channels Fabrication: Principally micro-fluidic
devices are fabricated using etching, deposition and
photo-lithographic techniques. There are numerous
techniques available and also being innovated to meet
the requirements of specific formations on various
substrates. Relative simplicity in fabrication, rectangular
micro-passages are often preferred over circular
sections. The conventional techniques administered for
the fabrication of heat sinks and heat exchangers,
include 1) precision sawing or cutting and 2) micro
machining. The latter is an offshoot of bulk and
surface chemical machining processes widely used in
microelectronics industry. Other techniques for
producing micro-channels include : 1) spark erosion,[44]

or electro-discharge machining (EDM) 2) laser
machining 3) stereo lithography and 4) LIGA
( L i th o g r ap h y ,  G a lv a n o fo rm un g ,  A b fo r m u n g )
electroforming, a process developed initially in
Germany . The EDM is considered to be a non-[45]

conventional machining technique. It was reported that
with a precision EDM dimensional tolerances up to 0.5
mm could be obtained.

In the present case, two test sections herein after
handled as TM1 and TM2 having common features;
each channel of length 192 mm  were fabricated on a
304 stainless steel substrate (230 mm x 160 mm x 1.6
mm) by photo chemical etching process as shown in
Fig. 1.  TM1 and TM2 have 47 and 50 micro-channels
of rectangular cross-section 1000 by 240 µm and 900
by 200 µm in width and depth, respectively. Both ends
of channels are provided with common header for

uniform flow distribution through each channel .[46]

These header portions were deepened after etching by
EDM in order to have negligible pressure loss. The
surface roughness (e) of TM1 and TM2 were done to
check the uniformity of the channel using a surface
profilometer (Rank Taylor Hobson). The surface
roughness measured have shown rms values of the
order 1.11-6.90 µm for machined surface and 0.19-0.34
µm for cover plate. The flow passage is formed by
vacuum brazing the machined plate, covering with
another stainless steel plate of thickness 0.5 mm on
top. The mating surfaces were coated with some
plating technique to assist brazing. Inlet and outlet
conduits were attached together with the two plates and
brazed in a vacuum furnace at 10  torr and about-5

1000 C. The assembly of micro-channel cross-sectiono

indicated in Fig. 2.

Experimental Procedure: It is customary to expect
from experiments on micro-channels are, the prediction
of (1) the zone of transition between the laminar and
turbulent regimes and (2) the magnitude of friction
factor. The objective of the current experimental
program is to generate data on the friction
characteristics in rectangular parallel micro-channels.
Experiments were conducted in two phases; the one
with gas (air) and other with liquids (ethanol, methanol
and a mixture 50%E-50%M by volume). The schematic
experimental setup is shown in Fig. 3.

Experiments with Gas: The experimental setup for gas
flow consists of compressed gas source and a storage
reservoir to supply gas to the test sections. A pressure
regulator is mounted between the gas source and the
reservoir to avoid over pressurisation in the circuit
under any circumstance. The storage reservoir has
capacity of 0.0564 m  (56.4 litre). The compressed gas3

was admitted through the pressure regulator into the
storage reservoir to build up a known pressure of about
5 bar. A valve is connected between the test section
and the reservoir was closed while charging the
reservoir. The charged reservoir was allowed to
discharge slowly by opening this valve resulting in
decreasing of the gas pressure in the reservoir.
Transient pressure measurements were conducted at a
time interval of 5 second for both TM1 and TM2 at
room temperature (~ 30 C). In this case the reservoiro

pressure itself is taken as the pressure drop through the
channels as the inlet of the flow channel was connect
directly to the reservoir and outlet at the same time
discharging into the atmosphere. Typical transient
pressure curves for gas flow through TM1 and TM2
are shown in Fig. 4. For the purpose of comparison
and to validate data of the present study, Rathnasamy
et al. serpentine micro-channel MC1 was experimented
with gas (air) using the current setup.
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Experiments with Liquids: In case of liquid flow

experiments, the setup is quite different from the one

used for gas flow. It consists of liquid reservoir/sump

(capacity ~ 20 lit) to supply fluid to the test section. A

diaphragm operated pump is used to pump fluid to the

test section through a micro-filter (~ 50 micron) built-

in in the main line to avoid any dirt that may enter

into the test section. In the absence of micro-filter poor

measurement data could be resulted due blockage of

the channels to the flowing fluid. Further the test setup

is provided with by-pass line and control valves to

establish the required flow rate in the test section and

as well the pressure drop, measured with the aid of

differential pressure transducer (make: KELLER

Druckmesstechnik; piezoresistive pressure transmitter,

PD-23/ 5 bar/8666.1). Flow rate through the test

section was measured by using the flow meter (make:

DIGMESA; magnetic turbine flow meter). However,

the flow meter was calibrated by measuring known

volume of methanol manually with a maximum

absolute deviation 4% over the measuring range 0.03-

8.00 lpm.

The flow medium used to test is filled in the

reservoir. To start the experiment all the required

precautions are taken into consideration. The pump is

switched on while keeping the by-pass valve in open

position and control valves to test section closed. The

required discharge flow rate of the pump is obtained

through stroke adjustment in the pump system. Control

valve is somewhat opened allowing the flow to take

place in the test section. Later, the control valve is

tuned to set the required pressure drop indicated by the

display unit connected with the differential pressure

transducer. Pressure drop at the test section is noted for

the corresponding flow rate indicated by the display

unit connected with flow meter. The steady value of

flow rate is taken to reduce the measurement

uncertainty. Several trials are carried out and the

average value is taken to evaluate flow rate in terms of

cc/min basis. Experiments were conducted at room

temperature (~ 30 C). The pressure drop and the flowo

rate form the raw data to obtain the friction factor in

the current study. Typical plots of pressure drop vs

flow rate data is shown in Fig.5 for a trial.

Data Reduction: The primary objective of this flow

experiment is to obtain the friction factor versus

Reynolds number relation. The friction factor ‘f’ is

deduced from the raw data using Darcy-Weisbach

formula  given below:[47]

        (1)

where, Dp is the pressure drop, r is the density, f is

the friction factor, l/d is length to diameter ratio and v

is the velocity. The Reynolds number is defined in the

conventional way, Re = rvd/m. The velocity v

(average) is calculated from flow rate based on the

cross-sectional area of the channel. For non-circular

ducts, diameter d is replaced by equivalent diameter

eqdefined as, D = 2 WH/(W+H) where, W and H are

width and height of the channel respectively. The

thermophysical properties of pure fluids were evaluated

at inlet temperature of the test fluid as given by Beaton

and Hewitt . In case of liquid mixture, the properties[48]

were evaluated with the following mixing rules

         (2)

         (3)

In case of gas, the mass flow rate was calculated by

numerical differentiation of the reservoir pressure

transient. It is achieved by differentiating the perfect

gas relation,

        (4)

and the mass flow rate can be calculated as

In the previously stated Eqs. (4) and (5), V is the

reservoir volume and R is the characteristic gas

constant. An isothermal flow situation was assumed to

use perfect gas relation in view of throttling effect is

negligible for the real gas under the experimental

conditions. Details of experiments conducted with gas

and liquids are given in Table 2.

RESULTS AND DISCUSSION

By and large, the flow experiment results offer an

intuitive idea to identify flow regimes (laminar,

turbulent and zone of transition). Further, transition and

friction factor dependence on Reynolds number could

be established. The friction factor results obtained in

the present experiments with gas and liquid(s) are

shown in Figs. 6 and 7, as plots of friction factor ‘f’

vs Reynolds number (Re) for TM1 and TM2.

Transition is identified as the deviation from theory or

discontinuity in f vs Re data. This characteristic is

observed at lower Re value(s) of about 500 as shown

in Fig. 6 for typical gas flow in both TM1 and TM2.

Similar to gas flow data for liquid flow is shown in 
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Fig. 7. Earlier investigations by Peng and Peterson and

Rathnasamy et al. have also made this result of

transition at low Reynolds numbers. Further to

investigate the friction factor dependence on Reynolds

number in laminar region (Re<500) the experimental

data is compared with conventional tube flow

(f=64/Re) and is indicated by solid line. Friction factor

data is fitted with the following relation,

         (5)

The constant ‘C’ in Eq. (6) obtained for each fluid

and micro-channel is given in Table 3. 

In Fig. 6 a dashed line is drawn with average

value of C (f=90.8/Re) for both channels from Table 3.

Both TM1 and TM2 exhibit higher friction factor and

ensuing inconsistency to liquid flow case. The constant

C values are higher than conventional tube flow value

theoand as well the theory (C ) about 22.5%. The test

data obtained in the present setup for serpentine micro-

channel MC1 is also plotted in order to validate the

results. The MC1 results indicate the transition is at

about Re~2000 and friction factor value is close to

tube flow in the laminar region. Previous literatures

quite often qualified these peculiarities. The constant C

values in columns 2 and 4 of Table 3 for each liquid

and test section are close to conventional tube flow

theovalue but lower than the theory (C ) about 12.3%.

This is in contrast to gas flow data and the reason

could be attributed to phase and physical properties of

fluid at micro-scale lengths.

It is customary in pipe flow; the laminar flow

regime is identified as friction factor ‘f’ varies

inversely to Reynolds number (typically as f = 64/Re

for tubes). The fact that friction constant C or f.Re

invariant on Reynolds number and is shown in Fig. 8

clearly for laminar region. The laminar flow is

continued only up to Re ~500 due to the smaller

micro-channel dimensions with larger or smaller aspect

ratios and higher relative surface roughness ratio

(Schlichting).  Transition is observed at about Re ~

500 for both gas and liquid flow. 

Conclusions: An experimental setup was devised to

study the characteristics of flow in micro-channels. 

The two test sections TM1 and TM2 employed has

equivalent diameter of 387 and 327 µm. The measured

pressure drop and the flow rate data were used to

evaluate the friction factor in the channels. The

experiments covered the laminar and transition flow

regimes. Experiments for flow of gas (air) have been

conducted in TM1 and TM2 for Reynolds number

range ~25-6230 and for liquids ethanol, methanol and

one mixture of the former two in the range of

Reynolds number ~20-2100. It emerges from the

present experimental investigation that for laminar

region:

Fig. 1: Micro-channel module schematic.
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Fig. 2: Details of micro-channel formation.

Fig. 3: Schematic of experimental setup.

Legend: 1 Sump 2 Pump 3 By-pass control valve 4 Flow control valve 5 Micro-filter 6 Test section 7 

Differential pressure transducer 8 Flow meter.

Fig. 4: Transient pressure data for air flow in TM1 and TM2.
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Fig. 5: Typical pressure drop versus flow rate data for methanol flow. 

Fig. 6: Friction factor versus Reynolds number plot for gas flow.

Fig. 7: Friction factor versus Reynolds number plot for methanol flow. 
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Fig. 8: Plots of f.Re  versus Re  for gas and liquid.

Table 1: Summary of micro-channel studies with liquid and gas flow.

eq T rInvestigators Substrate Shape D / Parameter (µm) Fluid Re range Remarks/correlation/Re

2 3Jung et al. Silicon wafer Rectangular 50-100 Nano fluid 5-300 Nano fluid 170 nm particle Al O  Water, water + ethylene 

D eq glycol mixture f=56.9/Re
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Haller et al. [24] Silicon Rectangular W=600 H=300 Water 10 – 3000 Vortices caused high thermal gradient enhanced heat 

transfer as a consequence of redirecting and splitting of
flow in L and T bends at cost of pumping power.  

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

thHsieh and Lin [25]  Methyl acrylate Rectangular 129 Deionised water, methanol 5 # Re # 240 Entrance length Le = 0.063 (0.069) Pe
and mixture (50%wt each)

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Rathnasamy et al. SS Rectangular 1000,655,462 Methanol, ethanol and alcohol 150-2100: Serpentine; total channel length l=11074 mm

mixtures; Air-Oxygen- Nitrogen 300-6800
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

T r Reynaud et al. [26] Bronze Rectangular H=300,540, Tap water  ~120 - 70000 f- classical, Re  ~3000 -16000 
1120; W=60000

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Lee et al. [27] Copper Rectangular W=194-534 H=5W Deionized water 300-3500 Numerical and experimental match by  5%
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Kohl et al. [28] Silicon wafer Rectangular 25-100 Air 4.9-18814  Micro-channel friction data can be obtained from large 

channels with compressibility effects. 
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Ferret et al. [29] Silicon Cube H=200 l= 60000 Water Re < 25 Flow boiling; high heat transfer co efficient

(1300 – 2500 W/m K) 2

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Steinke and Copper Rectangular 207 Water -- Flow boiling; nucleation at 100 C and 1 atmo

Kandlikar[30]
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Tiselj et al. [31] Silicon Triangular 160  Water 3.2 - 64 Variable heat flux along the channel length
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

T rLi et al. [32]  Glass Silicon Rectangular 79.9-166.3 Deionised water 350-2300 f.Re independent; Re  1700-2000
100.25-205.3

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Qu and Silicon wafer Rectangular W=57 – 534 H=180 Water Re 1400 3-D numerical fluid flow and heat transfer– temperature
Mudawar [33] rise along the solid and fluid region is linear
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Yu et al. [34] Brass Tube ID= 2.98 mm Water, ethylene glycol -- Two phase boiling;  pressure drop data of small

l = 0.91m and mixture channel is lower than larger channels
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Qu and Copper Rectangular W=231H=713 Deionised water 139 – 1672 and 3-D numerical predictions agreed with experimental
Mudawar [35] 385 – 1289 pressure drop and heat transfer– heat flux  =100

W/cm  and 200 W/cm2 2

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

T rJudy et al. [36] Fused silica/SS Circular, square 15 - 150 Distilled water/ methanol 8-2300 f.Re independent; Re  ~2000
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

T rPfund et al. [37] Poly-carbonate Rectangular 128-1050 Water 60-3450 f.Re   independent; Re  1700-2200
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Papautsky [38,39] Metallic Rectangular 44, 57 Water 0.001-120 f.Re   increase 10-20%
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Webb and Silicon Rectangular 133 R-134a -- fits to macro-scale turbulent data
Zhang [40]
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Harms et al [41] Silicon Rectangular 403 Water 125-1500 follows Stokes theory
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Mala et al. Silicon, glass Parallel plates 10-280 Water + potassium chloride 0-1500 Electric double layer (EDL) effect;  f.Re increases
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

eqPeng and Peterson SS Rectangular 133-143 Water 100-3000 f.Re dependent with D
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Table 1: Continue

eqPeng et al. SS Rectangular 133-367 Water 100-800 f.Re dependent with D
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Urbanek et al. [42] Silicon Rectangular 12, 25 1-2 propanol, 
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
1-3 pentanol -- f.Re increases
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Pfahler et al. [43] Silicon Rectangular 0.5 - 40 Isopropanol, silicon oil <100 f.Re decreases 

Table 2: Details of experiments conducted with gas and liquids. 

Fluid No. of experiments Range of Reynolds number covered

----------------------------------------------------- ---------------------------------------------------------------------

TM 1 TM 2 TM 1 TM 2

Air 16 13 24-5398 26-6233

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Ethanol 6 4 14-1033 13-921

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M ethanol 5 5 29-2104 26-1812

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

50%E-50%M 5 5 17-1781 18-1650

Table 3: Constant C value in Eq. (6).

Fluid Experimental Re range

--------------------------------------------------------------------------------------------------------------------------

theo theoTM 1 (C =73.56) TM 2 (C =74.73)

----------------------------------------------------------- -------------------------------------------------------

Average Standard deviation Average Standard deviation

Air 90.38 5.122 91.29 2.898 Re< 500

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Ethanol 65.33 3.099 66.84 2.215 Re< 500

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M ethanol 65.19 0.622 64.48 1.700 Re< 500

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

50%E-50%M 65.44 1.500 65.31 1.794 Re< 500

1. The transition setoff at lower Re values about 500

than that of conventional tube flow. This may be
attributed to higher relative roughness on micro-

scale lengths causing early transition.
2. In the case of gas flow, the friction factor values

are higher than that of tube flow and theoretical
values for rectangular channels. 

3. At the same time in case of liquid flow the
friction factor values are comparable to

conventional tube flow in laminar region.
4. These results are a sign of the dependence of ‘f’

on fluids (i.e. liquids and gas).
5. It reveals that the two channels TM1 and TM2

having same order of aspect ratio and fabrication
methods but with different relative roughness

eqfactor (e/D ) exhibited consistent friction factor
results for both liquid and gas.

6. More experiments on different channel dimensions,
surface roughness and fluids are needed to evolve

a generalised correlation for friction factor at
micro-scale length.
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Nomenclature 

C friction constant

d diameter (m)

Deq equivalent diameter (m)

f friction factor

H channel height (m)

l channel length (m) 

gm mass flow of gas (kg)

p pressure (bar)

Rgas constant (J/kg K)

Re Reynolds number (= ñvd/µ)

T temperature (K)

V volume of the cylinder (m )3

v velocity (m/s)

W channel width (m)

x mass fraction

y mole fraction 

Greek Letters

Ä differential

g esurface roughness (µm)

ô ttime (s)

ã kinematic viscosity (m /s)2

µ dynamic viscosity, (Pa s)

ñ fluid density (kg/m )3

Subscripts

Eq equivalent

g gaseous medium

mix mixture 

theo theory

1 component 1

2 component 2

138


