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ABSTRACT

Viscosity measurements were conducted to investigate the rheological characteristics of aluminized
paraffin wax fuel. To identify the effect of size and contents of the aluminum particles on the
variation of viscosity, samples of nano- and micro- sized aluminum particles with an average particle
size of 100 nm and 8 pum were prepared and measured using a rheometer. The observed viscosity
increment patterns of the nano- and micro-sized particles were vey different, and particularly above
10 wt%, where a relatively low overall regression rate is expected for nano- content fuel. It is

possible that this phenomenon could cause the reduced entrainment regression rate.
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7 :regression rate (m/s) A 7P 293 d7EHL e dEE g
r :vertical combustion rate (kg/m?”:s) A 7 A8Z, 5Y 3HA] f-E0lA A B
: density (kg/m®) 3t FZA e uldH(binder)Z2 FF AHEEE

: velocity (m/s) HTPB (Hydroxyl Terminated Poly-Butadiene)

H 34 ¥ 2 FEHES U7 =, &

T AEE 7HA o] dFrEIH 2ol
: surface tension (N/m) & ZHEYN FHES ITME F e WA
: dynamic pressure of oxidizer (bar) A Akl H7EE Ao ofel s

: mass transfer rate (kg/s)

: viscosity (mPa-s)

o oxidizer oF zA] PR FHE Sty AHs o]
h  :melting layer thickness & TS AAE AR @I ATV Tl
v :vaporization A s s E ITH9,10]. HIbEe] FrE
e :entrainment sgtd 7|9 dRe] FEE EAC #I AT
 total [(1112]= 2% 235 glov seka 7w A
: liquefying fuel 39 Ao @t FHHE AF[1314]e &F
el A5 P 2 E(carbon black)® &%
Ad EEE HAUE A8 =3Eo] glon 1
LM B2 olix] Edo] Hr7ld A5 Fxo TS AT
= 33 =& #Ho|t.
stol B E FRAI~®le dutdog 1A A metA] B AFAMe EFrE Ay #H7)
WA == 7A ASAE EEEe AHESH 7b st/ RuE EEARY] A¥EE EA
A FRAA 2" T4 FAA "o T of MA&= TS HAoetr] & WA= AN
Betety AHES Fdiststna mokd F3 < FY3AT & FeEHg Y 9 vlola®
Alz=®lojt}, slo]HBE FZA2~HlL kA H FEHE YAE HAIME ANEE AFst EF
AAR & PR e Aol YA, 1 vl YA JU7EE Q] dAskE fRstE Apol
A FRAAN=EFG vlusid 3e SEHES bt S Fson, FArtd dA A7¢ e
dol ATH1]. 1A ® ste]lBE FXA2H 7V Y A8 fWEH EAo) vAE IFE
A FEE() & B WA L v g @ TS
TR e Tt d&E(pr)S oVt
FEo] ¥ies A2 FHAMHT T3 HojH p°U°.‘__.=-’ @ Reacting Droplets
A& ousti2]. ol EAHES FH3} g By 8w Wy N Difusin
& AAEE A5 THAS ZIMAIA —:_"Po e ;Q:-:_\-:-ZLT:M
AER GHIEHE FTUMAII7] A% F71 e Ve 51 a1 '.?»Droplets
Mol 4 e AYSHE 5 G AP 45 i i
_ - hI Liquid Layer
g34]. 284 9 ATFES FEHE F7HY
gt AV SAY B olYe}t A5 AH I
= T F7F TY @] o ZEA
Aol & g gtk webA HIZde AHAHA
FHOR A FHE A8 RS A AT Fig. 1 Hybrid combustion mechanism of paraffin
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2, mj2fE 9i=9| slo|EE|= YA HIFUE

gt 7Rk A5 =2 FHEL g 1
el da WMAYF 71U Fig. 12 3}ol
Bl 24 dad W e d5e da o
g E MFH s Yehd AozA, da & A
A5 #Fdo| FAFE A9h(liquid layer)o] <9
A Al 5 (p,U) 22 A 2 (droplet) B
2 3 g AEA fE WFeER #4

(entrainment) ¥ & 2 ZUT & UTH5]

HTPB, PP(Poly-Propylene), PE(Poly-Ethylene)

s YA d8E ARgSte dRbEQd slelE
Y= FIAN2HY dae d BE d89 &
A HZE(mass transfer rate)°] IE FTHL 7]
3 FEE dHor ofFses W, ved 7
W Adss gdoA BAskE 78 FEEI ¢
Eol A3 ef Hgbo] 2% {4 FHEC FHE

ol Z Aoz FASW Eq 13 2o m,

&(overall regression rate)¥ A HTh E3L, m,
o} m= A7 713 FEEH f9] FHE 9

& =42 AEES JUEdH15].

N

m, =m,+m, 1)

Karabeyoglu et al[7]°] @29 etd A59
dutol A WA= AF FUE m = DDA

2] (empirical correlation)ql Eq. 29} Zo] X3

& gk,

AolM Pt he A7 dade] o A
A5 Fye] vepa oe) =
ot 474 dAH Ao H=oh wEAY

Yebdth Eq. 2014 A

o 1o ofN

n
ot
o
Q
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Table 1. Emperical exponents for entrainment terms.
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Nigmatulin et al.[17] 1
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7] 918} Eq. 2 2+ A% Ag 2 3

w2k A o, fE 1904 24k0] gzt
ARk, RO AL 4o vk viwE 22
s e S AAT 5 3ok Al =234
G2 dx T AE MFEAM g met I
grol ol wHl, ¥ xo X3 FE2 d89
=43017] wiel ¢ dAd e 7RI we
A ARl HEs muAEe dx =43 B
glo] A5 FHE 3 A FAFE AAs=
Tag Hes & o Atk

=3, Y A7 ZAA15]0 waEd dEe A
T 7F 2AFH] AFPRA rRik FF A
U 2e e e o2 Ry 9tk oY
A S HRoR A=t dRe] A fU
of MA= Gl A Tzl sl g
HOR At AME AT 5 Ak mEA
ek 7InE dze] AT 3 A glo] M=
of #3 A= FHoln ole FEHE A
VFe WAE A4 #d FHEY A=l A4
=le)

3 &8 A A ay

31 A= S48 v/ dFrlE AR

A= S48 NS H7g Yy 9 o=
dFvlE dAe He A= A7l= A7 100
nm, 8 um FoH, Ax AZE IFZHH 422
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Fig. 2 Types of rotational rheometer(18].

Table 2. Viscosity measurement environment with
rotational rheometer.

Temperatue noc
Maximum Torque 150 nN'm
Measuring Geometry 25 mm plate
Measuring Gap 1.0 mm
Shear rate 0.1~1300 /s
Ao T 952 mPasZA Als F 7 Bhe
AEE 2 A AP 5 gglon, aiz
ATEE YA FHH FAT4H A= 3
behe wHE UERT
= AREE QAT AR ARE U T
FHI7F 10 wt%, 20 wt%, 30 wth?l A9, A=

0
o] J=7} Z+Z} 12.04 mPa-s, 29.25 mPa-s, 72.03
mPa's® FAE &FIetd div HJ=rt oF
30%, 216%, 682% <713l Tk

g, obAl AF g ukel o] wlola R &R
F 4AVF #Z7ME Alse 4 50171 5 wtk%,
10 wt% 283 4=t o] wAFHr] A<
15 wt% 7HATE Z#H3FHReH, ARy HEEs 7
Z} 10.88 mPa-s, 10.55 mPa‘s, 13.99 mPa‘'s=
AEo] &ad vl o 17%, 13%, 51%
A=Z7EE e i

Fig. 32 Ux 4FrF 4A7F #718E As
AT 24 492N Hddg ¥zl g2 J=9
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Table 3. Measured viscosities of samples at the 5 A
. ~ Nano Specimen
maximum shear rate (1000 /s). /\
\
Specimen | Shear rate(/s) | Viscosity(mPa-s) O\O\o\o\o Namo: 207wtz
Pure Paraffin 1000.06 9.52 @ o M SN O~y
e o ~0-
Nano 10 wt% |  1000.05 12.04 2 g o teemws OO
Nano 20 wt% 999.84 29.25 8 P g
Nano 30 wt% |  1000.04 72.03 Nano 10wt oo
Micro 5 wt% 999.93 10.88 xiﬁ e NN A.P:re e
. o 001 | o—0"9=0—0—0—¢_ | / NN
Micro 10 wt% 999.94 10.55 0797070-9-0-0-0-0—0-07
10 100 1000
Micro 15 wt% | 1000.07 13.99 Shoar rate (1)
Fig. 3 Shear rate-viscosity graph of nano aluminized
FIAY VAR FEAAS] AsE B paraffin samples.
Ol‘/}, AR gHI7E 20 wt% ol AS A

o] F7Hgtel wet F=r gactes ddutst
(shear thinning) d4-& HolBE YA o]t
Ux &FvE °11} A7re s/ dFrE
F d59 HwE FA (non-newtonian fluid) #
e fste Zﬂ 2 AREH

Fig. 4= vlo]|a 2 4FvlE YA7F "7HE Al
525 AYE W wE IA= 4 AHE
&FHE dA J7 AREH v
AR AR FHZE 7P 2 AR5 with)
7 M w8 AR #E JdEuey Hind

T
o
=
2
T
H

m

A9 A DA LU
Ux 47 HA7ME AlsEs 28 Hg JA=
S7FFe] 50%(micro 15 wt%) Wjel E33

216%(nano 20 wt%) E= 682%(nano 30 wt%)
HE 7 UEh U A H7F A5 ol
Ao er A @2 M= GSE J*XLEl
o olE FAEAMIF FARE sEoEM,
A ASHNTE & F AT
Al H7hE EFvE 4A 27wt w
S54E& dotrr] 93 eyt

ANEet vy 8l rlejag dRrjE YAk Fil
7F 10 wth® 22 AREY JE FHEAAE
Fig. 50 Wehi AT

AL 40 /s o] F SH4H 10 wt% A5 A
5 gk Aok & Aol AA SHA il Al
2 AR e dEbd e ARem o=

&
10 wtke S-S 71Eo R M=V YA

_l[}l

0.02

Micro Specimen

) Micro 15 wt%
0.015

OO0 0O

Micro 10 wt%

Viscosity (Pa.s)

Micro 5 wt%

Pure Paraffin

I
10 100 1000

Shear rate (1/s)

Fig. 4 Shear rate-viscosity graph of micro aluminized
paraffin specimens.
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40 /s Nano and Micro Specimen
0.025 |
0.02
@ o , Nano 10 wt%
o \ o
< \ . N
> 0015 | A O F o Vi Micro 10 wt%
‘a2 \ | A o / 12.04 mPa's
8 \ AKX AN 04
2 \ N e =t
> \\ a 'A"AA—A%E R e
N N
A
> (}7 S,
0.01 |- —
00 000 10.55 mPa-s o
Pure Paraffin 952 mPars /!
1 1
10 100 1000

Shear rate (1/s)

Fig. 5 Viscosity comparison of pure, nano 10 wt% and
micro 10 wt% aluminized paraffin specimens.
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Table 3, Fig. 4, Fig. 59 Wl Q& v 10
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FHul 10 wths AA
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t
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b
>
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(¢ < 025)° ANF=E= FEAA A= A
= &+ Aok

Fig. 72 9&43d<e S8 dA7A dre u
x5 wth Z ufo]3E 5 wt% IEH/EFrE
= d5Ee F FHE WHIE s {59
s Udebd Aot w2 &FvlE FHrHl (15
wtle ol/d)el e Aadd A FA=R A
A 5 wthe AN =458
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(Erdetd d8 db) & 5
&7l o 713 FHEo] 27}& Aoew

At 9E, Ui J7E 989 ¥ FEEO|
T F FEHE R Be A2 ey
) 1527 %71

o
Bee) HEng v A7 A8 H=r

|
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30/ Viscosity Difference
s L S
‘r\\. =u’llll'IlD [‘tmlL'rO X 100(%)
30 }\ + HUnano
= \
& |
] 25 ‘l
I3 I \
Swoll | ™
=Sl I A R A
R TERYA
215 ]
Q |/ \ "
2 J’ ‘ e T
S 104 % s "
| LI =
5 ( e —p
|
oll L
10 100 1000

Shear rate (/s)

Fig. 6 Viscosity difference of nano and micro
aluminized paraffin specimens.
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12k ”
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11 / ® Micro 5%
L A Nano 5%
10+ 2
1 ] 1 1 1 ! 1 1 1 Il
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Oxidizer mass flux (kg/mz—sec)

Fig. 7 Comparison of overall regression rate with
oxidizer mass flux.
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