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Heat transfer analysis of water phase flowing in a PTFE tube upon heating
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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).
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where C,, [J kg™' K™'] is the heat capacity at a constant pressure, W [kg s7'] 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




Supplementary Material

(water), Ty [°C] is the temperature of a hot fluid (oil bath), U [W m™ K] is the overall heat transfer

coefficient, A is the heat transfer surface area.

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

in each layer as shown in equation (2).
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where h [W m~ K™'] is the heat transfer coefficient at oil bath (H) and water phase (C), A,,q;; [W m™
K] is the thermal conductivity of a wall (PTFE tube), A,,; [m?] is the outer surface area of the PTFE
tube, A;,, [m?] is the inner surface area of the PTFE tube, and A;,,, [m?] 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.

A, =0.001 [m] (I.D. of tube) x w x0.1 [m] (Length of tube under heating) = 3.14 x 10~ [m?]

Ayye = 0.00159 [m] (O.D. of tube) x m x 0.1 [m] (Length of tube under heating) = 5.0 x 10~ [m?]

Ay = —Al:&j‘t” =4.0 x 104 [m?]

in



Supplementary Table 1. Characteristic values to calculate overall heat transfer resistance.

Awall [W m71 Kil] l [m] Ain [mz] Aout [mz] Alm [mz] l//lwallAlm [K Wﬁl]

0.23 0.59 x 102 3.14x10* 50x10* 4.0x10* 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)

ubD
Re = pT 3)

where p [kg m™] and p [Pa s] are density and viscosity of water at 45 °C (which is a mean temperature
between 20 and 70 °C), & [m s7'] 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 [m?] = (%”rn])2 X =7.85% 107 [m?]

_ 184.6 [uL min~!|x10~°
60 [s]

u[ms!] [m?s71]/7.85x 107 [m?] =3.92 x 1073 [m s7']

Re — puD _ 99022 [kg m™3]x3.92x1073[m s71]x0.001 [m] — 649 []
u 0.000598 [Pa s]
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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
Dispersed phase ~ Continuous phase Total u Re [-]
[uL min~'] [uL min~'] [uL min~'] [ms™]
92.3 92.3 184.6 3.92 x 1073 6.5

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

is described by equation (4).
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where  Agp;q [W m™' K] 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).

D 1/3
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Hw
where Pr [-] is the Prandtl number, L [m] is the length of a tube, u [Pa s] is the viscosity of fluid, u,,

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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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).

Cpu

Pr =
Afluid (7)

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

Table 3.

Cou 4179[J kg=*T~'] x 0.000598 [Pa s]

Aﬂuid 0.637 [Wm~1 K-1]
1/3 [ \0-14
Nu = 1.86 (RePr —) (—)
L P
0.001 [m] 0.000598 [Pa s]
=1.86 X (3.90 [-] X 3.92 [-] X ————)1/3 014 — 1 25
( =] =] 0.1 [m] 0.000404 [Pa S])

0.637 [W m~1 K~1]
0.001 [m]

he = Nu (g) = 1.25[-] x < ) = 793 [W m~2 K]

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

Re [-] Pr [-] Nu[-] he [Wm2 K] Ay [m?] 1/hcAim [K W]

6.5 3.9 1.3 793 3.14x 10 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 __1 + : + ! =4.0+64=104[KW™]
UA hHAout AwallAlm hcAin . . .

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

Re [-] U/ AwanAm (KW' 1/hcAip [KW'] 1/UAK W] UA[WK']

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, Ty, = ATy -AT, _  (Tp=T)—(Ty=T) _ _(70-20)—-(70-T) _  T-20
P In(ATy/ATy)  In((TH=To)/(Th=T))  In((70-20)/(70-T))  In(50/(70~T))

Then,

Q = UAT,,,

=UA% (8)

Q=C,W(T—20) (9

From the equation (8) and (9),
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C,W (T—20) = UA

50 UA
ln( )

70-T)  C,W
T =70 >0
T e ()
C,W

T = 69.9889 ~ 70 [°C]

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



