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Abstract— Processing of microcellular polyurethane foam was studied for thermal insulation. To obtain microcellular structure, it is
necessary to increase nucleation rate and distribute bubbles regularly. Polyol and isocyanate were supersaturated with carbon dioxide
gas and ultrasonic excitation was applied to the mixture of these two components of the selected polyurethane system. Assuming that
the bubble growth is controlled by diffusion of carbon dioxide from the resin into the bubble, theoretical prediction was carried out
numerically to understand the bubble growth mechanism. Final bubble sizes were also predicted by considering the gelation time and
the diffusion boundary. Viscosity change of the polyurethane resin during polymerization reaction was predicted by considering reac-
tion kinetics. The gelation time was determined to terminate the numerical calculation. The diffusion boundary was predicted based on
the number of gas molecules determined experimentally. Water was used as a chemical blowing agent and carbon dioxide gas as a phy-
sical blowing agent. Polyol and isocyanate were saturated by carbon dioxide gas at 1, 2, and 3 atm respectively and the pressure was
released for supersaturation. Foam density, thermal conductivity, size and number of bubbles in a unit volume were measured. Effects of
ultrasenic excitation and carbon dioxide saturation pressure on the bubble nucleation were investigated from the experimental results
Keywords: polyurethane, microcellular foam, ultrasonic excitation, reaction injection molding, bubble growth analysis
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Fig. 1. Cluster formation by rapid pressure drop.
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Table 1. Parameters used for the prediction of Nucleation rate

Parameter Value

fi 1.714

Gy (m) 4.0%x10™

Vp (M) 1.059x10%

k (J/K) 1.38066 % 10>

nx (No./m®) 0.874% 10 at P=1 atm
1.725% 10% at P=2 atm

2.838x 10” at P.=3 atm
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Fig. 2. Critical free energy change during nucleation at several sa-
turation pressures.

L —— P =0.1 MPa
101 e g

100+

103

Nucleation Rate (No./m3 s)

102 f } t t t
-10.0 9.5 9.0 -85 8.0 75 -7.0

Environmental Pressure (MPa)

Fig. 3. Predicted nucleation rate as a function of environment pres-
sure at several saturation pressures.
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Fig. 4. Predicted initial diffusion boundary of a bubble as a function
of environmental pressure at several saturation pressures.

Table 2. Predicted nucleation rate and the size of critical diffusion
boundary with the environmental pressure of -8.5 MPa

P, (atm) J (No./m’ - sec) tf (mm)
1 2.662x 107 2.079
2 1.336x 10° 1.214
3 5.415% 10° 0.762
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Fig. 5. Schematic layout of blowing agent concentration profile around
a spherical bubble in supersaturated liquid.
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Table 3. Experimental Conditions with regard to blowing agent

Exp. A CO; saturation in polyol at 0, 1, 2, 3 atm

Exp. B CO; saturation in polyol and isocyanate at 0, 1, 2, 3 atm

Exp. C  Water blowing agent in polyol and CO, saturation in po-
lyol at 0, 1, 2, 3 atm

Exp. D Water blowing agent in polyol and CO, saturation in po-

lyol and isocyanate at 0, 1, 2, 3 atm
Exp. R11 CFC-11 and Water blowing agent in polyol

3

# o] Z4=(Reynolds number)= °F 14000]
TERHAA ) o 3tz Qate] AA] Pojs=
185} 2he Zlo g Yzhect ¥heBe 2 70 mm, =
o] ZA free-riseZ wH-g-AZiT}. Table 30 2z} A
o REAREL A ZYA 23
EEE SHstn 89 njA2xE B 5
FHAE Sl @y WA B dsse
Pl 2E FAPAARER] 4 (SEM: scanning
electron microscope)S AH4-3te] 243 T 3] E o] &3}
o 7)12e] B AET ¢ WA F ) x A4S AU

o

=
=
Z

4. &If 2}
dYzdo wet Fg9) Ux, 7)¥o) B AZ, 7]
M, dAEEE Bt

Fig. 112 ¥39] d=g 4924 wte} ©Ag Aojolo}.

A A 94 A 48, 1997

gl g

VOB
oO0w>»

g8 B

Density (kg/m°)

[N
8

100 ~

Pressure (atm)
- Density variation as a function of CO, saturation pressure at
several experimental conditions.

2=t 2xAle] oo A whldsln R A o] BuE u
EAZ vl k. whebA SHehE B¥ A B2 ALedlx] o
< d¥ A, B9 Z5= 44 C DI vig) Aij¥oz wa)
1 7] &l £3} <} F7lo) web] Aest 27 7
233 FE& AbgEte] thake] wEAs} Fado Qe Ay
C, De B%olle D] 7147} ghetatA vhebdh 283}
A% Aol L& nAsid =A8HA) @it}

Fig. 12&= @221 @2 7|%9) BF &L ©A)8 A
oItk 253 7431e] 97k nskale] AeET T ou) A 7
29| F77F A2 A& & 5 Atk o] AL 287 7k ¢
3l AYE &l Frsle] 18 N4t Zokr) YR
A £ k. BEA Fol FLH FAAA Wl 72 A
T7F S7K8H Z4zke] A7) adly] Wiolt). E3 CO,2)
X3} by b whet 7129} A7)0} Frbeke AL 2 4 Q)
o ol RE X8} ¢k Folol o8] Beld wEA9 oo %
°l 7Hx 271 712 Yige] F7iElo] AYAoz 7} 7%
Fol © 3A 4387 gl seh wxAQl Bo] Ay}
HA 5 A% A BolA Z3ltEo] 0719 o, = utyA| 7}
A3 A7k A) e Aol vlA) AT} YAEEY ojRe
W71 AH A 2ake) 737} Ho} Soiztr] wj o]},

Fig. 132 437t 89 & $219] @9 A3 3 71x9) A4
olth. 23t &t Z7tol wat celle] g7t padk A
Holvh o] R w2 3} FHME $¥A| FPo] B3 27)
71E Wtol AL R §7] W] celle] BFo] 27, wha}
M a2 AL A5 cello] DeiuAd) eh}y] gE
oich. Tt 2&3 shxle) AINES AR 283 sjalel
BF7t 22 23SHY slolA gt Be cello] AYHY
== € F Utk o]RL 0|24 &) 7y o} 7Fle]
8 BESE FH(negative pressure)e] WY E 27} 2

=
o
oko

- o
“ =

3 = QO
EigeS

" =2



HEAE Eeltue vAE £89 SHE 197

250 28
- 2.4
200 F 22
g - 20 £
3 150 ©
E - 1.8 o
2 . 18 ©
2 - 14 A
50 4 - 1.2
- 1.0
0 T T T T 0.8
0 1 2 3
Pressure (atm)
(a) Exp. A
250 26
- 24
200 - 22
£ L 20 §
3 150 L8 &
[ N T
L a
E 100 e
2 - 1.4 +
50 4 - 1.2
- 1.0
o] T T T T os
0 1 2 3
Pressure (atm)
(c) Exp. C

—8— Without Ultrasonic Exitation
—&— With Ultrasonic Exitation

250 28
r 24
200 22
£ 20 £
3 150 H ['4
> - 18
5 8
€ 100 F1e ®
3 14 A
50 F 1.2
F 10
0 T T T T 0.8
0 1 2 3
Pressure (atm)
(b) Exp. B
250 286
24
200 - 22
£ L 20
3 150 ['4
- 18 @
k] [a)
g 100 e
a - 1.4 +
50 1.2
r 10
0 T T T 1 oa
0 1 2 3
Pressure (atm)
@ Exp. D

Fig. 12. Average cell diameter and diameter ratio variation as a function of CO, saturation pressure at several experimental conditions.
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Fig. 13. Average number of cells measured by the image processing for different saturation pressures.
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Fig. 14. Conductivity of polyurethane foam for different saturation pressures.
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