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ABSTRACT 

 The focus of the present study is to investigate changes in gas temperature and average 

velocity in laminar-turbulent transition of compressible flow including the effect of Mach 

number on transitional Reynolds number.  The experiments were conducted using a pair of 

adiabatic stainless steel microtubes with D=131.6 µm.  The first microtube was used for the 

measurement of local pressure to obtain friction factor, local Mach number, and bulk 

temperature, and the second microtube was utilized for the measurement of the local wall 

temperature.  Also, a stainless steel microtube of diameter D=124 µm and a rectangular 

microchannel of hydraulic diameter Dh=99.36 µm were employed.  The friction factor, Mach 

number, and bulk temperature were obtained by measuring the mass flow rate and local pressure 

near the outlet.  The measured mass flow rate slightly increased and leveled off in the laminar-

turbulent transition as the Reynolds number was increased.  The Mach number increased, and the 

bulk temperature decreased in the laminar flow with an increase in the Reynolds number.  

However, in the laminar-turbulent transition, the Mach number remained constant or decreased 

and the bulk temperature increased because of kinetic energy conversion to thermal energy.  This 

result was validated experimentally by measuring the wall temperature of an adiabatic microtube. 

 
Keywords: laminar-turbulent transition, microtubes, Mach number, bulk temperature, friction factor, compressible 

flow, energy conversion 

 

 

1.  Introduction 

 Since Osborne Reynolds' groundbreaking research [1] on laminar-turbulent transition in 

channel flows, numerous publications have enriched the literature [2].  However, several 

questions remain unanswered regarding the transition from laminar to turbulent flow in 

compressible flow. 

Kandlikar et al. [3] conducted experimental investigations into the effect of surface 

roughness on air and water flow in minichannels to validate Nikuradse's conclusions regarding 

roughness effects in laminar flow.  The hydraulic diameters ranged from 198 µm to 1084 µm, 

and Reynolds numbers varied from 30 to 7000.  They observed a significant effect of surface 

roughness on friction factors for relative surface roughness less than 0.5 percent, and an increase 

in relative roughness resulted in a lower critical Reynolds number. 
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Tang et al. [4] examined the effects of compressibility, roughness, and rarefaction on 

microchannel flow experimentally using stainless steel and fused silica tubes.  They noted that 

the transition occurred slightly earlier than observed in conventional-size tubes. 

Morini and Lorenzini [5] performed an experimental analysis of nitrogen gas flow 

through microchannels made of fused silica and stainless steel, with hydraulic diameters ranging 

from 125 to 180 µm and length-to-diameter ratios between 280 and 3730.  They reported that the 

transitional flow regime occurred in the Reynolds number range of around 1800 to 2000. 

Celeta et al. [6] measured friction factors in micropipe gas flow under laminar, transition, 

and turbulent flow regimes, investigating the correlation of transition shape between surface 

roughness and aspect ratio (L/D). 

Hong et al. [7, 8] measured local friction factors of laminar, transitional, and turbulent 

gas flow in rectangular microchannels.  They reported that f⋅Re was a function of Mach number 

in the laminar flow regime and that the Fanning friction factor coincided with the Blasius 

correlation in the turbulent flow regime.  Additionally, they noted a slight increase in mass flow 

rate with an increase in stagnation pressure due to flow resistance. 

Rehman et al. [9] experimentally investigated the effects of aspect ratios (h/w) and inlet 

manifold shapes for the transitional flow regime on Moody's chart. 

Table 1 was added to summarize previous experimental studies on the transitional flow 

regime for gas flow in microtubes and microchannels.  And Table 2 provides a summary of key 

findings from these investigations, highlighting variations in hydraulic diameters, Reynolds 

numbers, and noteworthy observations on friction factors and critical Reynolds numbers.  A 

 

Table 1 Previous studies on transitional flow regime for gas flow in microtubes and 
microchannel 
Authors Dh (µm) Re Discussion of transitional flow regime 

Kandlikar et al. [3] 198~1084 30~7000 critical Re 

Tang et al. [4] 10.06~300.00 3~6200 critical Re 

Morini et al. [5]  29.9~508 70~14500 critical Re 

Celeta et al. [6] 30~500 70~14500 critical Re, transition shape on Moody’s chart 

Hong et al. [7, 8] 69.48~203 58~15901 flow resistance 

Rehman et al. [9] 
 

220.7~523.8 
 

400~20000 
 

effects of aspect ratio (h/w) and inlet manifold 
shape 
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Table 2 Summary of key 
Authors Parameters Studied Key Observations 

Kandlikar et al. [3] 
 
 

Surface Roughness, 
Hydraulic Diameter, 
Reynolds Number 

Significant roughness impact for relative roughness < 
0.5%, lower critical Reynolds number with increased 
roughness. 

Tang et al. [4] 
 

Compressibility, 
Roughness, Rarefaction 

Transition slightly earlier than in conventional-size 
tubes. 

Morini et al. [5]  
 
 

Nitrogen Gas Flow, 
Hydraulic Diameter, 
Length-to-Diameter Ratio 

Correlation study on transition shape between surface 
roughness and aspect ratio. 
 

Celeta et al. [6] 
 
 

Micropipe Gas Flow, 
Surface Roughness, Aspect 
Ratio (L/D) 

Correlation study on transition shape between surface 
roughness and aspect ratio. 
 

Hong et al. [7, 8] 
 
 

Gas Flow in Rectangular 
Microchannels, Mach 
Number 

Mach number dependency in laminar flow, Fanning 
friction factor coincides with Blasius correlation in 
turbulent flow. 

Rehman et al. [9] 
 
 

Aspect Ratios (h/w), Inlet 
Manifold Shapes 
 

Experimental investigation on Moody's chart for 
transitional flow regime. 
 

 
critical review of the literature is available in articles [9-11].  Despite this comprehensive 

literature search, no previous investigation appears to have explored changes in gas temperature 

and average velocity in the laminar-turbulent transition with the effect of compressibility, 

motivating the present experimental study.   

In the case of high-speed flow within a microtube, the effect of kinetic energy is 

substantial, affecting both gas velocities (Mach numbers) and bulk temperatures.  Here, the bulk 

temperature, also known as the mixing cup temperature, serves as an indicator of the ratio 

between the energy flow rate derived from velocity and temperature and the mass flow rate 

obtained from the velocity distribution across a cross-section. It is presented as an integrated 

mass-energy average temperature [12].  

 In the context of an idealized high-speed gas flow with constant specific heat within an 

adiabatic tube, the total temperature at any cross-section of the tube can be estimated for laminar 

flow, characterized by a parabolic velocity profile and a kinetic energy correction factor of 2 

given by Eq. (1) as follows: 

p

2

lam b,T 2
2

c
uTT +=          (1) 
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where TT  is the total temperature, lam b,T  is the gas bulk temperature for laminar flow, u is the 

average velocity, and the second term on the right side of Eq. (1) represents the kinetic 

temperature. 

If the laminar-turbulent transition occurs with an identical average velocity, half of the kinetic 

energy will be converted into thermal energy because the parabolic velocity profile is changed 

into an almost flat profile.  For this reason, Eq. (1) can be replaced by 

 
p

2

 turb,T 2c
uTT +=          (2) 

where  turb,T  is the gas bulk temperature for turbulent flow and is represented by: 

p

2

lam b, turb, 2c
uTT +=          (3) 

This results in an increase in gas bulk temperature for the laminar-turbulent transition and 

involves a significant energy transfer from kinetic to thermal energy.  In this paper, the 

conversion of kinetic to thermal energy in the transition from laminar to turbulent compressible 

flow including the effect of Mach number will be experimentally investigated. 

 

2.  Experimental setup 

2.1 Microtube and microchannel 

 In the current investigation, a pair of stainless steel microtubes was halved using 

Electrical Discharge Machining (EDM).  The inner diameters were measured by passing water 

through the microtubes, and the measurement details are documented in our prior study [13].  A 

cross-sectional image obtained with a microscope (Keyence, VK-8500) is presented in Fig. 1.  

One microtube was dedicated to the measurement of local pressure, while the other was utilized 

for measuring wall temperature.  Both measurements were conducted approximately 5 minutes 

after powering the data acquisition system to ensure reaching a steady state.  The mass flow rates 

measured for both microtubes are depicted as a function of stagnation pressure in Fig. 2.  

Notably, the diameters of both microtubes were found to be identical, as evident in the figure. 

To measure the local pressures, two static pressure taps were fabricated by Electrical 

Discharge Machining.  The pressure taps were spaced 5 mm apart and about 5 mm from the 

outlet.  The diameters of the static pressure taps were measured with a microscope (Keyence, 

VK-8500) and were about 50 µm as shown in Fig. 3.  The other microtube was used for the 
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measurement of local wall temperatures.  To measure the wall temperature, the thermocouples 

were attached to the external wall of the microtube, constructed from SUS304 with a thermal 

conductivity of 16.7 W/(m·K).  The wall thicknesses measured 93 μm and 104.2 μm for 

microtubes with diameters of D=124 μm and 131.6 μm, respectively.  A heat flux of 50 W/m² 

could be achieved with a heat transfer coefficient of 10 W/(m²·K) for free convection and the 

temperature difference of 5 K between the outer wall and the surroundings.  Given the thinness 

of the walls and a temperature difference between the inner and outer walls of less than 0.01 K, 

thermal conduction within the wall was deemed negligible and, therefore, not taken into 

consideration. 

100µm  
Fig. 1  Microscopic image of the microtube cross section (D=131.6 µm) 

100 200 300 400 500 600 700 800 900 1000 1100
0
2
4
6
8

10

 Tube for local pressure
 Tube for wall temperature

flow 

turbulent flow
transitional 

[×10-6] D=131.6µm, L=60mm

 

 

m 
(k

g/
s)

pstg (kPa)

 ⋅ 
laminar flow 

 
Fig. 2  Mass flow rate as a function of pstg 

 

 
Fig. 3  Microscopic image of a static pressure tap for D=131.6 µm (tap diameter = 50 µm) 
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A stainless steel microtube of diameter D=124 µm and a rectangular microchannel of 

hydraulic diameter Dh=99.36 µm that was used in previous studies [7, 14] were also employed 

for the data reduction.  The detailed description of the fabrication of these channels was 

documented in the previous paper [7, 8].  The rectangular microchannel was etched into a silicon 

wafer capped with glass with five side channels equally spaced between the inlet and the outlet.  

These static pressure ports were connected to the pressure transducers that were located at the 

stagnation point pin (x=0 mm), p1 (x=3.3 mm), p2 (x=8.3 mm), p3 (x=13.3 mm), p4 (x=18.3 mm) 

and p5 (x= 23.3mm).  The dimensions of the microtubes and microchannel are tabulated in Table 

3. 

 

Table 3  Microtube and microchannel dimensions 

Microtube D 
(µm) 

Outer 
diameter 

(µm) 

L 
(mm) 

Positions (pressure taps) 
(wall temperatures) 

x1 
(mm) 

x2 
(mm) 

x3 
(mm) 

x4 
(mm) 

Stainless steel 

124 310 50 
  40 45 

  40 45 

131.6 340 60 
- - 50 55 

30 40 50 55 

        

Rectangular  
microchannel 

Dh 

(µm) 
h 

(µm) 
w 

(µm) 
L 

(mm) 

Positions (pressure taps) 
x1 

(mm) 
x2 

(mm) 
x3 

(mm) 
x4 

(mm) 
x5 

(mm) 

Silicon wafer 99.36 52.4 1020 26.87 3.3 8.3 13.3 18.3 23.3 

 

2.2.  Configuration of the experimental setup 

 The schematic diagram of the experimental setup for the microtubes is shown in Fig. 4.  

Nitrogen gas was used in the present study.  As shown in this figure, compressed nitrogen passed 

through a regulator, a gas dryer, a flow meter (Kofloc 3100 or 3300), and the test section in Fig. 

4(a), for the measurement of local pressures.  For the measurement of local wall temperatures, 

nitrogen passed through the test section in Fig. 4(b).  A gauge pressure transducer (Krone 
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KDM30) and a thermocouple (bare wire type-T thermocouple of 300 µm in wire diameter) were 

inserted into the reservoir at the upstream section of the microtube to measure the stagnation 

temperature and pressure.  The stagnation pressure was controlled by a regulator with an 

atmospheric outlet pressure.  For the test section in Fig. 4 (a), the local static pressures were 

measured with the pressure transducer (Valcom VESX) which was connected to the pressure tap 

of 50 µm in diameter, fabricated by an Electrical Discharged Machining.  For the test section in 

Fig. 4(b), the wall temperature was measured by bare-wire type-K thermocouples of 50 µm 

attached to the microtube wall with high-conductive epoxy.  The microtube exterior wall was 

covered with foamed polystyrene to prevent heat transfer from the surroundings.  Finally, the 

signals from the pressure transducers, the thermocouples, and the flow meter were 

simultaneously collected and averaged by a PC through the data acquisition system (Eto Denki, 

CADAC21).  The representative uncertainties of the measurements are given in Table 4.  For the 

microtube of D=124 µm, the experiments were carried out using the same experimental setup.  

 

Compressed 
nitrogen gas

Pressure 
regulator

Gas dryer
Pressure tap holders

Data accumulation 
system

PC

Flow meter Pressure transducers
Microtube

Thermocouple

Foamed polystyrene

Thermocouples

Test section (a)
(local pressure)

Test section (b)
(local wall temperature)

Foamed polystyreneMicrotube

to data accumulation system
 

Fig. 4  Schematic diagram of the experimental setup 
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Table 4  Uncertainties of measurements 

Measurements Range Uncertainties Experimental 
measuring range 

Pressure    
Krone KDM30 
Valcom VESX 
 

0-1 MPa 
0-100 kPa 
0-500 kPa 

±0.25 % of F. S., ±2500 Pa 
±0.25 % of F. S., ±250 Pa 
±0.25 % of F. S., ±1250 Pa 

0.5-1 MPa 
25-100 kPa 
100-500 kPa  

Flow rate    
Kofloc 3300 
Kofloc 3100 

0-1  L/min 
0-2  L/min 

±1.00 % of F. S., ±0.01 L/min 
±1.00 % of F. S., ±0.02 L/min 

0.1-1 L/min 
0.5-2 L/min 

Thermocouple    
Type-T and K  ±0.12 oC 15-25 oC 

 

3.  Data reduction 

 In the case of adiabatic microchannel gas flow, a large decrease in gas temperature occurs 

near the outlet due to flow acceleration.  Therefore, the friction factor for microchannel gas flow 

was obtained by measuring both the pressure and the temperature.  Recently, Hong et al. [15] 

reported the modified Fanning friction factor based on the wall shear stress for an adiabatic 

microchannel gas flow by considering the effect of gas temperature by  
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where the inlet values of velocity, density, and temperature were obtained in an isentropic 

process between the inlet and the stagnation.  The parameter α in Eqs. (5) and (6) is the kinetic 

energy correction factor and represents the ratio of kinetic energy calculated using the integrated 

nonuniform velocity distribution across the cross-section to the kinetic energy obtained using a 

uniform velocity distribution [16].  For the microtube, it has a value of 2 for laminar and 1 for 

turbulent flow for the microtubes.  For the present microchannel (w/h=19.61), to determine the 

kinetic energy correction factor in laminar flow, supplementary computations were undertaken, 

employing the SIMPLE algorithm outlined by Patankar [17].  The computation yielded a value 

of 1.60. And it is simply 1 for turbulent flow.  The specific value employed for the laminar-

turbulent transition depends on the mass flow rate, transitioning form 2 to 1 for the microtube 

and from 1.600 to 1 for the microchannel.  Also, Reynolds number and Mach number were 

obtained by: 

µµ
ρ hh DGuDRe


==          (7) 

γγ
b

b

RT
p
G

RT
uMa


==         (8) 

where G is the volume flow rate.   

 

4.  Results and discussion 

The experiments on investigation of changes in gas temperature and average velocity for 

laminar-turbulent transition were performed using two microtubes with diameters of 124 µm and 

131.6 µm and a microchannel with a hydraulic diameter of 99.36 µm.  The ranges of the 

parameters including stagnation pressure, Reynolds number, and Mach number near the outlet 

are shown in Table 5.   

 

Table 5  Re, local Ma along test conditions 

 D (µm) pstg (kPa) L (mm) Re Ma at x4 or x5 

Microtube 
124 120 ~ 800 50 113 ~ 3822 0.04 ~ 0.42 

131.6 124 ~ 1000 60 93 ~ 5211 0.029 ~ 0.464 

Microchannel 99.36 125 ~ 1051 26.87 81 ~ 5100 0.035 ~ 0.48 
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4. 1  Mass flow rate and friction factor 

 The measured mass flow rates for the two microtubes and one microchannel are plotted 

as a function of the stagnation pressure in Figs. 5(a) to (c).  The mass flow rates for all three 

cases increased with the increase in the stagnation pressure due to the atmospheric back pressure.  

As can be seen in these figures, the laminar-turbulent transition can be identified by ReT, before and 

ReT, after referring to the Reynolds number before and after transition, respectively.  The 

corresponding values for the starting and the ending of the transition for specified pstg and Re are 

tabulated in Table 6.  It is noteworthy that the mass flow rates increased at lower rates in 

laminar-turbulent transition compared with either the laminar or turbulent flow.   

 

Table 6  Corresponding values of pstg and Re before and after the transition in Fig. 4 

 D (µm)  Transitional flow regime 

Microtube 
124 pstg (kPa) 420 ~ 540 

Re 2306 ~ 2593 

131.6 pstg (kPa) 401 ~ 602 
Re 2097 ~ 3026 

Microchannel 99.36 pstg (kPa) 577 ~ 627 
Re 2760 ~ 2958 

 

100 200 300 400 500 600 700 800 900
0
1
2
3
4
5
6
7

flowlaminar flow 
transitional 

turbulent flow

 ⋅ 

D=124µm, L=50mm
 

 

m 
(k

g/s
)

pstg (kPa)

[×10-6]

 
(a) D=124 µm and L=50 mm 
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0
2
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transitional flow 

[×10-6] D=131.6µm, L=60mm
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(k

g/s
)
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 ⋅ 
laminar flow 

 
(b) D=131.6 µm and L=60 mm 
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100 200 300 400 500 600 700 800 900 1000 1100
0
1
2
3
4
5

flow

turbulent flow
transitional

laminar flow 
 ⋅ 

[×10-5] Dh=99.36µm, L=26.87mm

 

 

m 
(k

g/s
)

pstg (kPa)  
(c) Dh=99.36 µm and L=26.87 mm 

Fig. 5  Mass flow rate as a function of pstg 

 

 The Fanning friction factors were obtained from the inlet pressure and the pressure at a 

point near the outlet by Eq. (4) and were plotted in Fig. 6(a) as a function of the Reynolds 

number.  The dashed line in the figure represents f=64/Re for incompressible pipe flow.  The 

dotted line represents the friction factor obtained by the following empirical equation obtained 

by Shah and London [18] which approximates the two-dimensional exact solution for fully 

developed incompressible flow in rectangular ducts:   



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
−=

5432

2357095640701219467135531196
w
h.

w
h.

w
h.

w
h.

w
h.

Re
f  (9) 

The friction factor for the present microchannel with h/w=0.051 is f=89.79/Re.  The solid line in 

the figure represents f=0.3164Re-0.25 by the Blasius correlation for turbulent flow.  The error bars 

for the friction factor values were not shown because the pressure differences were relatively 

larger than the uncertainties.   

A zoomed view of the friction factors for 1000 < Re < 4000 is also plotted in Fig. 6(b).  

As can be seen in this figure, friction factor values substantially deviate from f=64/Re and 

f=89.79/Re for incompressible flow due to entrance and compressibility effects.  The friction 

factors for the microchannel and the microtube of D=131.6 µm are in good agreement with the 

Blasius correlation.  In the case of the microtube of D=124 µm, the friction factor deviates from 

the Blasius correlation because the inner surface roughness is 0.967 µm and the relative surface 

roughness is 0.0078.  The inner surface roughness was estimated by the arithmetic mean average 

of the roughness heights obtained from the dissected microtube utilizing a 3D laser scanning 

confocal microscope (Keyence, VK-X260).  For reference, the Colebrook-White correlation [19] 
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for the friction factor for turbulent flow within a rough circular tube was also included in Fig. 

6(b) as follows: 











+−=

D.
k

fRe
.

f
s

723
512log21

ff

       (10) 

where ks represents the equivalent sand grain surface roughness and is assumed to be 1×Ra.  

As evident in this figure, the friction factor values for D=124 μm are nearly comparable to the 

correlation provided by Colebrook-White for Re >3000. 

100 1000 6000
0.025

0.1

1
1.3

 

 

         Dh(µm)   L(mm)     in~x (mm)
124          50           0~45     
131.6       60           0~55     
99.36       26.7        0~23.3  

f f, 
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 89.79/Re
 64/Re
 0.3164Re-0.25

 
(a) Re < 6000 
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124          50           0~45     
131.6       60           0~55     
99.36       26.7        0~23.3  
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~x

Re

 89.79/Re
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 0.3164Re-0.25

 Colebrook-White eq. (ks=1×Ra)
ReT, before

 
(b) 1000 < Re < 4000 

Fig. 6  Friction factors on Moody’s chart 
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It can be seen from Fig 5 that the laminar-turbulent transition occurred between the 

values of ReT, before and ReT, after.  The transition shape for the microtube of D=124 µm is shorter 

than that of D=131.6 µm.  The variability of the laminar-turbulent transition for different 

microtubes is in good agreement with the experiments reported by [6] where “abrupt” and 

“smooth” transitions were observed. 

 

4. 2  Mach number and bulk temperature 

 The local Mach numbers obtained from Eq. (8) using the measured local pressures for all 

the channels were plotted in Fig 7 as a function of the Reynolds number.  Their corresponding 

bulk temperatures obtained from Eq. (5) were also plotted in this figure.  The Mach number 

increased, and the bulk temperature decreased along the length of the channel because flow 

accelerates, and pressure steeply falls near the outlet due to gas expansion.  For Re < ReT, before, 

the Mach number increased, and the bulk temperature decreased with an increase in Re since the 

thermal energy of the gas converts into kinetic energy.  On the other hand, in the range of ReT, 

before ≤ Re ≤ ReT, after, which is in the laminar-turbulent transition, the Mach number leveled off or 

decreased depending on the diameter of the microtube.  However, the bulk temperature always 

increased in the transitional regime.  To explain the behavior of the bulk temperature it is 

noteworthy that, during the transition, the kinetic energy is converted into thermal energy while 

the cross-sectional velocity is changed from a parabolic to an almost flat profile with the  
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Fig. 7  Ma and bulk temperature as a function of Re 

 

recovery of the bulk temperature as can be seen by Eq. (3).  And further explanation is 

documented in section 4.4.  In this case, the flow resistance is large, and the mass flow rate 

slightly increased as shown in Fig. 5.  For Re > ReT, after the Mach number and bulk temperature 

remained unchanged since the flow was choked and the stagnation pressure increases with 

constant stagnation temperature.  It is noted that the bulk temperature strongly depends on gas 

velocity (Mach number) due to the conversion between thermal and kinetic energies.  Therefore, 
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the bulk temperature curves as a function of the Reynolds number have an opposite trend 

compared to the Mach number. 

 

4. 3  Variation of Mach number in the transitional region  

As can be seen from the previous section, the Mach number decreased when the 

Reynolds number increased in the laminar-turbulent transition.  To explain this trend, let us 

consider the situation when the mass flow rate is increased from Im  to IIm  as shown in Fig. 8.  

The pressure at a fixed position (1 or 2 in the figure) along the length is also increased from Ip  

to IIp  and the Mach number can be expressed by 
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Fig. 8  Schematic diagram of pressure distribution along the length 

 

In the present experiments, the mass flow rate and the local pressure were measured in the same 

range and interval (10 kPa for microtubes and 25 kPa for a microchannel) as the stagnation 

pressure from pstg,I to pstg,II.  It is noted from Eq. (10) when the mass flow rate is increased from 

Im to IIm , the temperature is varied from I b,T  to IIb,T even though this is a very small change.  

Therefore, by assuming II b,I b, TT = , it is possible to observe that the ratio III MaMa can be 

directly linked to the variation of the mass flow rate and the local pressure by the following 

expression: 

III

III

I

II

pp
mm

Ma
Ma 

=          (12) 
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As can be seen from Eq. (12), the Mach number is decreased when IIIIII mmpp > . 

 The values of III mm   and III pp obtained from the measured mass flow rates and 

pressures for Re>1000 are plotted in Fig. 9 as a function of ReI.  For the microtube and the 

microchannel with diameters, D=124 µm and Dh=99.36 µm in Figs. 9 (a) and (c), for which an 

abrupt laminar-turbulent transition is observed, IIIIII mmpp > for ReT, before ≤ Re ≤ ReT, after.  

This proves the decrease of the Mach number with the increase of the Reynolds number in the 

transitional flow.   

 For the case D= 131.6 µm (Fig. 9 (b)), for which a smooth laminar-turbulent transition 

was observed, the variation of III pp III mm  and are closer to each other and the experimental 

uncertainty, and therefore it becomes more difficult to compare the trends accurately.  However, 

the results plotted in Fig. 8 suggest a methodology to specify Reynolds numbers before and after 

the transition by ReT, before and ReT, after.  These two values can be identified for compressible 

flows as the Reynolds numbers for which III pp  becomes lower than III mm  .  
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4.4  Increase of the bulk temperature in the transitional region 

 The bulk temperature for a compressible flow in an adiabatic channel can be expressed as 







 += 2

Tb 2
1 MaTT γα         (13) 

For flows before (I) and after (II) the laminar-turbulent transition, the total (stagnation) 

temperatures are identical ( II T,I T, TT = ), and I b,II b, TT can be expressed as: 
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As can be seen from the above expression, the bulk temperature increases when the ratio on the 

right side of Eq. (14) is greater than unity, which means:  
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In the laminar-turbulent transition, the kinetic energy correction factor, α, is rapidly decreased to 

1.3 and then to 1.1 depending on the Reynolds number [20].  Assuming αI= 2 for the flow before 

the laminar-turbulent transition and αII=1.1 for the flow after the laminar-turbulent transition 

then 
II

I

α
α  is 1.35.  Therefore, if the ratio of Mach number, 

I

II

Ma
Ma , is less than 1.35, the bulk 

temperature increases, ( I b,II b, TT > ).  Using the values of the Mach numbers as shown in Fig. 7, it 
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is possible to show that the maximum value of 
I

II

Ma
Ma the laminar-turbulent transition is 1.1, 

which is lower than 1.35.  This justifies the observed increase of the bulk temperature during the 

laminar-turbulent transition as can be seen in Fig. 7.   

 Wall temperature distributions along the length of an adiabatic channel qualitatively have 

the same trends as gas bulk temperature [21, 22].  To further demonstrate this trend, the local 

wall temperatures along the length of the microtubes were measured for the microtubes having 

D=124 µm and D=131.6 µm using the test section (b) shown in Fig. 4.  The local measured wall 

temperatures in Table 1 for Re>1000 were plotted in Fig. 10 as a function of Re for the 

microtube having D=124 µm (Fig. 10(a) and D=131.6 µm (Fig. 10(b)).  As can be seen in these 

figures, the laminar, transition and turbulent (choked) flow regimes can be easily identified.  For 

convenience, in Fig. 10, the interval of the Reynolds number between ReT, before and ReT, after is 

also reported.  It is evident how the measured wall temperature increases when Re is increased in 

the laminar-turbulent transition (ReT, before ≤ Re ≤ ReT, after) following the trend in the bulk 

temperature in Fig. 7.  
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Fig. 10  Locally measured wall temperature as a function of Re 

 

5.  Conclusions 

An experimental methodology is described to analyze changes in gas temperature and 

average velocity in laminar-turbulent transition for high-speed gas flow in microtubes.  A 

decrease in Mach number and an increase in bulk temperature was observed for compressible 

flows through microtubes with different inner diameters (D=124 µm and D=131.6 µm) and for a 

rectangular microchannel with a hydraulic diameter Dh=99.36 µm.  Different flow regimes (i.e. 

laminar, transitional, and turbulent (choked)) were identified in Figs. 5-7 by plotting mass flow 

rates, friction factors, Mach numbers, and bulk temperatures as a function of Reynolds number.  

The results showed that the Mach number leveled off or decreased with an increase in Reynolds 

number for different microtubes in the laminar-turbulent transition.  On the other hand, the bulk 

temperature increased with an increase in the Reynolds number due to the recovery of thermal 

energy because of the variation in the cross-sectional velocity profile from parabolic to an almost 

flat profile.  In this case, the mass flow rate slightly increased because the flow resistance was 

large.  The measured wall temperature increased with an increase in Re like the increase of the 

gas bulk temperature during the laminar-turbulent transition.  This trend was identical to the bulk 

temperature variations in the adiabatic channel.   
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Nomenclature 

a  speed of sound     m/s 

B2  calculated value from Eq. (6) 

cp  specific heat at constant pressure   J/(kg⋅K) 

D  microtube diameter     m 

Dh  hydraulic diameter     m 

ff  Fanning friction factor    - 

G   mass flow rate per unit area    kg/(m2⋅s) 

H  height       m 

i  specific internal energy    J/kg 

L  length       m 

m   mass flow rate      kg/s 

Ma  Mach number      - 

p  static pressure      Pa 

r, x  coordinates      m 

R  gas constant      J/(kg⋅K) 

Re  Reynolds number     - 

T  temperature      K 

Tb  bulk temperature     K 

TT  total temperature     K 

u  velocity components     m/s 

w  width       m 
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α   kinetic energy correction factor   - 

γ   specific heat ratio     - 

λ   thermal conductivity     W/(m⋅K) 

µ   viscosity      Pa⋅s 

ρ   density       kg/m3 

subscript 

atm  atmospheric value 

ave  cross-sectional average value 

in  inlet 

lar  laminar flow 

stg  stagnation value 

T  transition regime 

tur  turbulent flow 

 

superscript 

¯  averaged value 
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