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Characterization of the VAMWNTs

The mass (MVAMWNT) and volume (VVAMWNT) of each nanotube were characterized 

following a previously published protocol.S1-3 The inner (  and outer (𝑑𝑖𝑛𝑡 = 7.0 𝑛𝑚)

) diameters of nanotubes were measured using scanning electron microscopy 𝑑𝑜𝑢𝑡 = 11.4 𝑛𝑚

(SEM) and transmission electron microscopy (TEM) images. The average number of walls (n) 

was 5. MVAMWNT and VVAMWNT were calculated using following equations. S1-3

(S1)
𝑀𝑉𝐴𝑀𝑊𝑁𝑇 =

1
1315

𝜋𝜏𝐿[𝑛𝑑𝑖𝑛𝑡 + 2𝑑𝑠 ‒ 𝑠

𝑛 ‒ 1

∑
𝑖 = 0

𝑖]
(S2)𝑉𝑉𝐴𝑀𝑊𝑁𝑇 = 𝜋𝜏𝐿𝑑𝑜𝑢𝑡

2/4

where  is the tortuosity of a curved nanotube, L is the length of a tube (3.4 mm), and  is 𝜏 𝑑𝑠 ‒ 𝑠

the interlayer distance of nanotubes (0.35 nm). The  (1.145) was measured from SEM 𝜏

images.S1-3

The porosity of VAMWNTs ( ) was then obtained using the following equationsS1-3𝜑

(S3)
𝜑 =

𝑉𝐴 ‒  (
𝑀𝐴

𝑀𝑉𝐴𝑀𝑊𝑁𝑇
)𝑉𝑉𝐴𝑀𝑊𝑁𝑇

𝑉𝐴
× 100 =

𝑉𝐴 ‒  𝑁𝑡𝑢𝑏𝑒𝑠𝑉𝑉𝐴𝑀𝑊𝑁𝑇

𝑉𝐴
× 100

where  and  are the measured volume and mass of the nanotube array.  is the 𝑉𝐴 𝑀𝐴 𝑁𝑡𝑢𝑏𝑒𝑠

number of nanotubes in the array.S1-3
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Experimental setup

Fig. S1 Experimental setup for the convective heat transfer through the VAMWNT 
channel. 

The single-mode microwave reactor (2.45 GHz) was combined with the gas flow 

setup. An Infrared (IR) camera and an optical fiber could be switched using a swivel holder, 

and the temperatures of the outlet surface of the VAMWNT channel (Ts) and the air flowing 

out of the VAMWNT channel (Ta,out) were measured at the central port. The ambient air 

temperature ( ) in the reactor was measured at the left port using another optical fiber. The 𝑇∞

corresponding schematic is provided in Fig. 1c.
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Gas flow rate control

A mass flow controller (MFC) was used to control the volumetric flow rate of air 

through the VAMWNT channel. The indicated volumetric flow rate ( ) at the standard �̇�𝑆𝑇𝑃

temperature and pressure condition (STP, 0 °C and 1 atm) was converted to the volumetric 

flow rate at a non-STP condition ( ) based on the mass conservation and ideal gas �̇�𝑛𝑆𝑇𝑃

assumption.S4

(S4)
�̇�𝑛𝑆𝑇𝑃 = �̇�𝑆𝑇𝑃

𝑃𝑆𝑇𝑃𝑇𝑛𝑆𝑇𝑃

𝑇𝑆𝑇𝑃𝑃𝑛𝑆𝑇𝑃

where  is the pressure at the STP condition (1 atm),  is the measured air temperature, 𝑃𝑆𝑇𝑃 𝑇𝑛𝑆𝑇𝑃

 is the temperature at the STP condition (0 °C), and  is the measured air pressure. The 𝑇𝑆𝑇𝑃 𝑃𝑛𝑆𝑇𝑃

pressure and temperature were measured at inlet and outlet of the nanotube channel, and mean 

values were used for  and , respectively.S5𝑃𝑛𝑆𝑇𝑃 𝑇𝑛𝑆𝑇𝑃



  

5

The measurement of the VAMWNT emissivity

The emissivity ( ) of the VAMWNTs was measured in accordance with the ASTM 𝜀

standard (E1933-14).S6 The VAMWNTs were placed on a hot plate heated to 50 ºC. Half of 

the top surface of the VAMWNTs was covered with 3M insulating tape with a known 

emissivity (  = 0.96), and this emissivity was entered into an IR camera software (FLIR, 𝜀

ResearchIR Max). The observed temperature of the surface covered with the tape was 

recorded. The temperature of the non-covered VAMWNT surface was then monitored. The 

emissivity was changed until the non-covered VAMWNT surface temperature became equal 

to the temperature of the 3M tape. This process was repeated three times to obtain the average 

emissivity of the VAMWNTs (  = 0.98).𝜀

Fig. S2 Schematic of the measurement of the VAMWNT emissivity.
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Reproducibility of the temperature measurement of the VAMWNT channel
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Fig. S3 The outlet surface temperature of the VAMWNT channel was measured 3 times 
at each condition.

The outlet surface temperature of the VAMWNT channel was measured 3 times at 

each condition (Fig. S3), and average values were analyzed in main manuscript (Figs. 2 and 

3). 



  

7

Calculation of the volumetric flow rate through the unit cell control volume

The volumetric flow rate through the unit cell control volume ( ) �̇�𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

was calculated by Eq. S5.

(S5)
�̇�𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 = �̇�𝑛𝑆𝑇𝑃

𝐴𝑐, 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

𝐴𝑐, 𝑉𝐴𝑀𝑊𝑁𝑇 𝑎𝑟𝑟𝑎𝑦

where  is the cross-sectional area of the unit cell control volume.  𝐴𝑐, 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 �̇�𝑛𝑆𝑇𝑃

represents the volumetric air flow rate through the entire interstitial space area of the 

VAMWNTs ( ) which is obtained by the product of the tube array porosity 𝐴𝑐, 𝑉𝐴𝑀𝑊𝑁𝑇 𝑎𝑟𝑟𝑎𝑦

(0.983) and the top surface area of the VAMWNTs (5 × 5 mm2). 
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Thermophysical properties of air

The temperature-dependent thermophysical properties of air, such as the dynamic 

viscosity ( ), density ( ), specific heat capacity at constant pressure ( ), and thermal 𝜇𝑎 𝜌𝑎 𝐶𝑝,𝑎

conductivity ( ), were obtained using following equations S7, 8𝑘𝑎

(S6)
𝜇𝑎 = 𝜇0(

𝑇0 + 120

𝑇𝑚,𝑎 + 120
)(𝑇𝑚,𝑎

𝑇0
)

3
2      

(S7)
𝜌𝑎 =

𝑃𝑚,𝑎

𝑅𝐴𝑇𝑚,𝑎

(S8)𝐶𝑝,𝑎 = 1002.5 + 275 × 10 ‒ 6(𝑇𝑚,𝑎 ‒ 200)2

(S9)
𝑘𝑎 = 0.02624(

𝑇𝑚,𝑎

300
)0.8646

where  is the reference temperature (291.15 K),  is the dynamic viscosity of air (18.27 μPa) 𝑇0 𝜇0

at , Tm,a is the average temperature of air in the channel, Pm,a is the average pressure of air in 𝑇0

the channel, and  is the specific gas constant of air. The pressure and temperature were 𝑅𝐴

measured at inlet and outlet of the nanotube channel, and mean values were used for Pm,a and 

Tm,a.
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Slip length calculation

The slip length was calculated by comparing the experimentally measured volume 

flow rate ( ) with the Hagen-Poiseuille theory.S9 Note that the slip length was �̇�𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

calculated assuming a flow through a cylindrical channel with the identical Dh. The volume 

flow rate from the Hagen-Poiseuille theory ( ) is expressed by Eq. S10.S9 �̇�𝐻𝑃

(S10)
�̇�𝐻𝑃 =  

𝜋 ∆𝑃
8𝜇𝑎 𝐿 𝜏

𝑟ℎ
4

where  is the pressure difference, a is the dynamic viscosity of air,  is the length of the ∆𝑃 𝐿

VAMWNTs,  is the tortuosity of the VAMWNTs, and  is the hydraulic radius of the 𝜏 𝑟ℎ

channel. The slip length (Ls) was then calculated by Eq. S11.S9

(S11)

𝐿𝑠 =
�̇�𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 ‒ �̇�𝐻𝑃

4𝜋∆𝑃
8𝜇𝑎 𝐿 𝜏

𝑟ℎ
3
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Estimation of the air temperature at the immediate outlet of the VAMWNT channel 

using the overall heat transfer model 

Fig. S4 The air temperature measurement at several different distances from the outlet surface 
of the VAMWNT channel. a Schematic of the experimental setup. b Optical image of a three-
axis micromanipulator.

As shown in Fig. S4a, the temperature of air was measured at several different 

distances (1, 2, 3, 5, and 7 mm) from the outlet surface of the VAMWNT channel using an 

optical fiber temperature sensor. The optical fiber position was adjusted using a three-axis 

micromanipulator (Fig. S4b), and the air temperature at the center of the gas outlet duct 

(lateral position 5) was measured. The air cooled down as it flowed along the axial direction 

of the rectangular gas outlet duct (6 × 6 mm2) made of polypropylene (PP). The heat transfer 

of air through the PP channel ( ) was modeled following a previously published protocol, �̇�𝑡𝑢𝑏𝑒

and the schematic of the model is provided in Fig. 3b inset.S5

(S12)�̇�𝑡𝑢𝑏𝑒 = �̇�𝑎𝐶𝑝,𝑎(𝑇𝑎,𝑜𝑢𝑡 + 𝑥 ‒ 𝑇𝑎,𝑜𝑢𝑡)

(S13)�̇�𝑡𝑢𝑏𝑒 = �̅� 𝑝𝑡𝑢𝑏𝑒 𝑥 ∆𝑇𝑙𝑚

 (S14)
∆𝑇𝑙𝑚 =  

∆𝑇𝑎,𝑜𝑢𝑡 + 𝑥 ‒  ∆𝑇𝑎,𝑜𝑢𝑡

ln (∆𝑇𝑎,𝑜𝑢𝑡 + 𝑥 / ∆𝑇𝑎,𝑜𝑢𝑡)
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where  is the mass flow rate of air,  is the specific heat capacity of air at constant �̇�𝑎 𝐶𝑝,𝑎

pressure, Ta,out+x is the air temperature at a distance x from the outlet surface of the VAMWNT 

channel, Ta,out is the air temperature at the immediate outlet of the VAMWNT channel,  is �̅�

the overall heat transfer coefficient which includes the combined effect of air convection and 

conduction across the PP tube wall,  is the perimeter of the PP tube, x is the distance from 𝑝𝑡𝑢𝑏𝑒

the VAMWNT channel outlet surface, and  is the log-mean temperature difference.S5 ∆𝑇𝑙𝑚

 and  were  and , respectively.S5 The log-mean ∆𝑇𝑎,𝑜𝑢𝑡 + 𝑥 ∆𝑇𝑎,𝑜𝑢𝑡 𝑇∞ ‒ 𝑇𝑎,𝑜𝑢𝑡 + 𝑥 𝑇∞ ‒ 𝑇𝑎,𝑜𝑢𝑡

temperature difference was employed for the model since the ambient air temperature outside 

of the PP tube wall was constant (T∞ = 26 ºC) during the experiment (Fig. 3b inset). The final 

equation was obtained by combining Eqs. S12-S14.S5

 (S15)

𝑇∞ ‒ 𝑇𝑎,𝑜𝑢𝑡 + 𝑥

𝑇∞ ‒ 𝑇𝑎,𝑜𝑢𝑡
= 𝑒𝑥𝑝( ‒

 𝑝𝑡𝑢𝑏𝑒 𝑥

�̇�𝑎𝐶𝑝,𝑎
�̅�)

As shown in Fig. 3b, Ta,out was obtained by fitting the experimental data (temperatures 

measured at 1, 2, 3, 5, and 7 mm from the outlet surface of the VAMWNT channel) with the 

model. There was an excellent agreement between the experimental data and the model 

prediction. This indicated that the temperature measured at the outlet air was not noticeably 

affected by the carbon nanotube radiation since the model did not consider the radiation effect.
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Table S1. The pressure drop across the VAMWNT channel for the heat transfer condition in 

Fig. 3e. The Darcy friction factor ( ) was defined as , where  is the pressure 𝑓𝐷

∆𝑃
𝐿

= 𝑓𝐷 ∙
𝜌𝑎

2
∙

𝑣2

𝐷ℎ ∆𝑃

drop,  is the channel length,  is the mean flow velocity, and  is the hydraulic diameter.S5 𝐿 𝑣 𝐷ℎ

The density of air was measured at inlet and outlet of the nanotube channel, and the mean 
value was used for . The heat flux was 0.286 W m-2.𝜌𝑎



  

13

Fig. S5 The effects of the interstitial space on the heat transfer coefficient and convective heat 
flux (heat flow rate per unit area). a The VAMWNTs were synthesized on a larger substrate 
(10 × 10 mm2) and squeezed into a lateral dimension of 5 × 5 mm2. The other synthesis 
condition was identical to that of the VAMWNTs with Dh = 84.9 nm. b The effect of Dh on 
the h and heat flux. The data of the VAMWNTs with Dh = 84.9 nm were reproduced from 
Figs. 3e and f for comparison.
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