
   

Supplementary Material 
 

Heat transfer analysis of water phase flowing in a PTFE tube upon heating 

 

Supplementary Scheme 1. A model of water phase flowing in a PTFE tube immersed in an oil bath. 

  

Supplementary Scheme 1 shows a model of water phase flowing in a PTFE tube immersed in 

an oil bath at 70 °C. Here, we calculate how a temperature of the inner fluid (water) increases from 

20 °C when the water passes through a PTFE tube with a fixed length of 𝐿 m at 70 °C.  

Since the amount of heat obtained by the water flowing in a circular tube is equal to the amount 

of heat passing through a thermal boundary layer per unit time, the heat balance equation for outlet 

temperature 𝑇 is expressed by equation (1). 

𝐶!𝑊	(𝑇 − 𝑇") = 𝑈𝐴
∆𝑇# − ∆𝑇$
ln(∆𝑇# ∆𝑇$⁄ ) = 𝑈𝐴

(𝑇% − 𝑇") − (𝑇% − 𝑇)
ln( (𝑇% − 𝑇") (𝑇% − 𝑇)⁄ ) 

(1) 

where 𝐶! [J kg–1 K–1] is the heat capacity at a constant pressure, 𝑊 [kg s–1] is the mass flow rate, 𝑇 

[°C] is the outlet temperature at a fixed tube length of 𝐿 [m], 𝑇&  [°C] is the temperature of a cold fluid 
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(water), 𝑇% [°C] is the temperature of a hot fluid (oil bath), 𝑈 [W m–2 K–1] is the overall heat transfer 

coefficient, 𝐴 is the heat transfer surface area. 

 The overall heat transfer resistance	( #
'(
) is defined as the sum of thermal boundary resistances 

in each layer as shown in equation (2). 

1
𝑈𝐴 =

1
ℎ%𝐴)*+

+
𝑙

𝜆,-..𝐴./
+

1
ℎ"𝐴01

 (2) 

where ℎ [W m–2 K–1] is the heat transfer coefficient at oil bath (H) and water phase (C), 𝜆,-.. [W m–1 

K–1] is the thermal conductivity of a wall (PTFE tube), 𝐴)*+ [m2] is the outer surface area of the PTFE 

tube, 𝐴01 [m2] is the inner surface area of the PTFE tube, and 𝐴./ [m2] is the logarithmic mean of the 

inner and the outer area of the PTFE tube. 

The first term on the right hand of the equation (2) is the heat transfer resistance from a hot 

fluid (oil bath) to a solid surface (PTFE) via convection heat transfer. In our system, this term can be 

negligible because the temperature of the oil bath is kept constant at 70 °C.  

The second term on the right hand of the equation (2) is the heat transfer resistance in a sold 

wall (PTFE) via thermal transfer. We calculated the second term using characteristic values and the 

results are shown in Supplementary Table 1. 

 

𝐴01 = 0.001 [m] (I.D. of tube) × π ×0.1 [m] (Length of tube under heating) = 3.14 × 10–4 [m2] 

𝐴)*+ = 0.00159 [m] (O.D. of tube) × π × 0.1 [m] (Length of tube under heating) = 5.0 × 10–4 [m2] 

𝐴./  = (!"#2($%
.1&!"#&$%

 = 4.0 × 10–4 [m2]  
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Supplementary Table 1. Characteristic values to calculate overall heat transfer resistance. 

𝜆,-.. [W m–1 K–1] 𝑙 [m] 𝐴01 [m2] 𝐴)*+ [m2] 𝐴./ [m2] 𝑙 𝜆,-..𝐴./⁄  [K W–1] 

0.23 0.59 × 10–3 3.14 × 10–4 5.0 × 10–4 4.0 × 10–4 6.4 

 

 The third term on the right hand of the equation (2) is the heat resistance from a solid surface 

(PTFE) to a cold fluid (water) via heat transfer. Water a flow in the PTFE tube can be described by the 

Reynolds number (𝑅𝑒 [-]) as shown in equation (3) 

𝑅𝑒 =
𝜌𝑢9𝐷
𝜇  (3) 

where 𝜌 [kg m–3] and 𝜇 [Pa s] are density and viscosity of water at 45 °C (which is a mean temperature 

between 20 and 70 °C), 𝑢9 [m s–1] is a linear flow rate of the fluid, and D [m] is the inner diameter of 

the PTFE tube. Calculation result of 𝑅𝑒 is shown in Supplementary Table 2. 

Cross section of the channel [m2] = (3.33#	[7]
$

)$×π = 7.85× 10–7 [m2] 

𝑢9 [m s-1] = #9:.;	<=>	7?@
'(A×#3')

;3	[C]
 [m3 s–1] / 7.85 × 10–7 [m2] ＝3.92 × 10–3 [m s–1] 

𝑅𝑒 = D*EF
G
=	 HH3.$$	<IJ	7

'*A×K.H$×#3'*<7	C'(A×3.33#	[/]
3.333LH9	[MN	C]

= 6.49 [-] 
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Supplementary Table 2. Linear flow rate and Reynolds number in the slug flow system. 

Flow rate Linear flow rate in a tube 

𝑅𝑒 [-] Dispersed phase 

[µL min–1] 

Continuous phase 

[µL min–1] 

Total 

[µL min–1] 

𝑢9   

[m s–1] 

92.3 92.3 184.6 3.92 × 10–3 6.5 

 

The Nusselt number (𝑁𝑢) is the ratio of convective to conductive heat transfer across a boundary and 

is described by equation (4). 

𝑁𝑢 =
ℎ𝐷
𝜆O.*0P

 (4) 

where  𝜆O.*0P  [W m–1 K–1] is the thermal conductivity of the fluid (water). In this system, 𝑅𝑒  is 

relatively low, which indicates that a flow in a microchannel is dominated by laminar flow. Despite of 

the laminar flow condition, natural convection in a microchannel can be negligible due to relatively 

small temperature difference between microchannel wall and water phase in the channel. Then, 𝑁𝑢 is 

expressed by equation (5). 

𝑁𝑢 = 1.86 @𝑅𝑒𝑃𝑟
𝐷
𝐿C

# K⁄

@
𝜇
𝜇,
C
3.#:

 (5) 

where 𝑃𝑟 [-] is the Prandtl number, 𝐿 [m] is the length of a tube, 𝜇 [Pa s] is the viscosity of fluid, 𝜇, 

is the viscosity of a fluid at the mean wall temperature. 

 

From equation (4) and (5), the heat transfer coefficient (ℎ) is described by equation (6). 
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ℎ = 1.86 @𝑅𝑒𝑃𝑟
𝐷
𝐿C

# K⁄

@
𝜇
𝜇,
C
3.#:

@
𝜆
𝐷C (6) 

Next, the Prandtl number (𝑃𝑟 [-]) is a dimensionless number, defined as the ratio of momentum 

diffusivity to thermal diffusivity. 𝑃𝑟 is described by equation (7). 

𝑃𝑟 =
𝐶!𝜇
𝜆O.*0P

 

 

(7) 

Then, we calculated the heat transfer coefficient (ℎ) using characteristic values in Supplementary 

Table 3. 

𝑃𝑟 =
𝐶!𝜇
𝜆O.*0P

=	
4179	[𝐽	𝑘𝑔2#𝑇2#] × 0.000598	[𝑃𝑎	𝑠]

0.637	[𝑊	𝑚2#	𝐾2#] = 3.92 

𝑁𝑢 = 1.86 @𝑅𝑒𝑃𝑟
𝐷
𝐿C

# K⁄

@
𝜇
𝜇,
C
3.#:

= 1.86 × (3.90	[−] × 3.92	[−] ×
0.001	[𝑚]
0.1	[𝑚] )

#/K × (
0.000598	[𝑃𝑎	𝑠]
0.000404	[𝑃𝑎	𝑠])

3.#: = 1.25 

ℎ& = 𝑁𝑢 @
𝜆
𝐷C = 1.25	[−] × U

0.637	[𝑊	𝑚2#	𝐾2#]
0.001	[𝑚] V = 793	[𝑊	𝑚2$	𝐾2#] 

 

Supplementary Table 3. Characteristic values to calculate the heat transfer coefficient hC. 

𝑅𝑒 [-] 𝑃𝑟 [-] 𝑁𝑢 [-] ℎ&  [W m–2 K–1] 𝐴01 [m2] 1 ℎ&𝐴01⁄ 	[K W–1] 

6.5 3.9 1.3  793 3.14× 10–4 4.0 
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Using these parameters, we calculated the overall heat resistance and the overall heat transfer 

coefficient as shown in Supplementary Table 4. 

1
𝑈𝐴 =

1
ℎ%𝐴)*+

+
𝑙

𝜆,-..𝐴./
+

1
ℎ"𝐴01

= 4.0 + 6.4 = 10.4	[𝐾	𝑊2#] 

 

 

Supplementary Table 4. Overall heat transfer coefficient calculated using the model. 

𝑅𝑒 [-] 𝑙 𝜆,-..𝐴./⁄ 	[K W-1] 1 ℎ&𝐴01⁄ 	[K W-1] 1 𝑈𝐴⁄  [K W-1] 𝑈𝐴 [W K-1] 

6.5 4.0 6.4 10.4 0.09587 

 

Finally, we calculated the outlet temperature (𝑇) using the equation (1). 

From the equation (1),  

𝑄 = 𝑈𝐴𝑇./ 

Here, 𝑇./ = ∆T(2∆T+
U@	(∆T( ∆T+)⁄  = (T,2T-)2(T,2T)

U@((T,2T-) (T,2T)⁄ )
 = (X32$3)2(X32T)

U@((X32$3) (X32T)⁄ )
 = T2$3

U@(L3/(X32T))
 

Then,  

𝑄 = 𝑈𝐴𝑇./	

				= 𝑈𝐴 T2$3

U@Y ./
0/'1Z

	       (8) 

𝑄 = 𝐶!W	(	𝑇－20	)  (9) 

  

From the equation (8) and (9), 
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𝐶!W	(	𝑇－20	) = 𝑈𝐴
𝑇 − 20

ln Y 50
70 − 𝑇Z

	

ln @
50

70 − 𝑇C =
𝑈𝐴
𝐶!W

	

𝑇 = 70 −
50

exp @ 𝑈𝐴𝐶!𝑊
C
	

𝑇 = 69.9889 ≈ 70	[℃] 

By changing the length of the PTFE tube, we analyzed the change in the temperature of water slugs 

flowing in the microchannel after entering the heating zone as shown below. This result clearly 

suggests that the temperature of water slugs after entering the heating zone reaches at 70 °C in 18 

seconds. 

 

 

Supplementary Figure 1. Change in the temperature of water slugs after entering a heating zone as a 
function of time. 


