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Abstract—Using a Rheometrics Fluids Spectrometer(RFS II), the steady shear flow and the small-amplitude dynamic viscoelastic
properties of three kinds of semi-solid food materials(mayonnaise, tomato ketchup, and wasabi) have been measured over a wide
range of shear rates and angular frequencies. The shear rate dependence of steady flow behavior and the angular frequency
dependence of dynamic viscoelastic behavior were reported from the experimentally measured data. In addition, some viscoplastic
flow models with a yield stress term were employed to make a quantitative evaluation of the steady flow behavior, and the
applicability of these models was also examined in detail. Furthermore, the correlations between steady shear flow(nonlinear
behavior) and dynamic viscoelastic(linear behavior) properties were discussed using the modified power-law flow equations. Main
results obtained from this study can be summarized as follows : (1) Semi-solid food materials are regarded as viscoplastic fluids
having a finite magnitude of yield stress, and their flow behavior shows shear-thinning characteristics, exhibiting a decrease in
steady flow viscosity with increasing shear rate. (2) The Herschel-Bulkley, Mizrahi-Berk, and Heinz-Casson models are all
applicable to describe the steady flow behavior of semi-solid food materials. Among these models, the Heinz-Casson model has
the best validity. (3) Semi-solid food materials show a stronger shear-thinning behavior at shear rate region higher than a critical
shear rate where a more progressive structure breakdown takes place. (4) Both the storage and loss moduli are increased with
increasing angular frequency, but they have a slight dependence on angular frequency. The elastic behavior is dominant to the
viscous behavior over a wide range of angular frequencies. (5) All of the steady flow, dynamic, and complex viscosities are well
satisfied with the power-law model behavior. The relationships between steady shear flow and dynamic viscoelastic properties can
well be described by the modified forms of the power-law flow equations.

Keywords : Semi-solid food material, Steady shear flow properties, Dynamic viscoelastic properties, Viscoplastic flow model,
Yield stress, Shear-thinning behavior, Herschel-Bulkley model, Mizrahi-Berk model, Heinz-Casson model, Modified power-law
flow equation
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Fig. 1. Shear stress and steady flow viscosity vs. shear rate for
mayonnaise.
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Fig. 2. Shear stress and steady flow viscosity vs. shear rate for
ketchup.
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Fig. 3. Shear stress and steady flow viscosity vs. shear rate for
wasabi.
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Table 2. Calculated flow model parameters for three kinds of semi-
solid food materials

Flow model Sample Oy k n v
Mayonnaise 758 15.160 - 0.7109
Bingham  Ketchup 316 6.563 - 0.7847
Wasabi 825  68.190 - 0.9415
Mayonnaise 637 2.120 - 0.8696
Casson Ketchup 267 1.387 - 0.9210
Wasabi 659 4.763 - 0.9823
Herschel Mayonnaise 307 440.0 0292 0.9917
Bulkle Ketchup 113 213.7 0.254  0.9932
Y Wasabi 677 2417 0617 09819
Mizrahi- Mayonnaise 227 12290  0.189 0.9928
Berk Ketchup 86 8.795 0.168  0.9939
Wasabi 650 4.972 0.488 0.9824
Mayonnaise 494  23X%10" 0247 0.9593
Vocadlo  Ketchup 217 6.7X10° 0227 0.9801
Wasabi 720 42X10° 0420 0.9797
Heinz Mayonnaise 130 0.344 0.106 0.9936
Casson Ketchup 54 0.286 0.098 0.9945
Wasabi 648 4336 0.483  0.9824

55 2 FH A9 147

thinning 27 HSWHA 0ol HZEFE S8l €k
Table 29] AFANEHE RE A|EE shear-thinning A5
UeErdS & 4 9o, ulgu|=e}t ErtE ARl o]
o ¥l B4 #A3 shear-thinning 58S 2t} wet
A BE-2E ol f5A%F0]l Newtond] 84 HAEL
2% Bingham 29& M 22 AAAT 2 2 H
o o & Y g vis] 2 HEAo] WA vehdth

o|9}= ©a] Herschel-Bulkley, Mizrahi-Berk ¥ Heinz-
Casson 24& 25 AAA 2] Fre] 0.99 ooz A 1
HgAol S & 4 It o] FolAMX Herschel-
Bulkley 24 — Mizrahi-Berk 29 — Heinz-Casson &
4 so8 AARATY ol FAR SUlsh FEFHe
Hadhe %S Ytk

3 A dolBHE feRde A ZHAE Hlw
3 B Mz tE fEnde oM fARE AARAGY
e ZEEs o H8Ade ta xel7h verd 4
Tk Fig. 4= o|#g AHS ERIsR7] 93] EntE AR
o ARSY o-AEET yololEo] 2 fERES F
43 Z2FAE v - TAF Zo|th Casson 2ES S4H
Azl AHLolA AE dlojggt & HAE HolH
FE-SHE A3 A JEhaL ok 3 Vocadlo B
A2 AGA T kel 098 BER H2 e AN 2
AL Mool f5AFS & 7Iesd X 35
S8E A4 UEPgS & 4 Atk ol9k= g2] Herschel-
Bulkley, Mizrahi-Berk 2 Heinz-Casson 292 4% A
dEEo A yojolr A9 dojEist & dxge B
Hojn, Zt Bd Alooll= HzPF A YERIA] 9L A
2 AR BAE 72 S o Aok olEg Ak
£ =RoMe 2 4348 AABA AT rradl=e}
AR ] 9ol A% FAsA ERAL St

uEhx fle] M7k RdES vivy AEFe §55
Ae AR oE s A% /83 AAA 0L <

108 T T rrr— e
KETCHUP
Ry
£
(5]
=
c
>
©
5 I Experimental
O Casson
b OOO —— —— Herschel-Bulkley
— —— — Mizrahi-Berk
—~——-— Vocadlc
----------- Heinz-Casson
1 02 L L L
102 101 100 10 102

v [1s]
Fig. 4. Applicability of flow models to ketchup.
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Fig. 9. Comparison of steady flow viscosity with dynamic and
complex viscosities for mayonnaise.
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Fig. 10. Comparison of steady flow viscosity with dynamic and
complex viscosities for ketchup.
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Fig. 11. Comparison of steady flow viscosity with dynamic and
complex viscosities for wasabi.
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Table 4. Empirical correlation constants between steady flow
viscosity and complex viscosity

Sample Ea o r
P )

Mayonnaise 3.766 1.127 0.9972

Ketchup 11.965 1.012 0.9996

Wasabi 29.891 1.016 0.9901

Table 5. Empirical correlation constants between steady flow
viscosity and dynamic viscosity

vppo] whE ARAE, FHHE 2 AR shear- Sample e o r
thinning 5-9¢] EE FAske A=A n, o, n* i ©
—0USE WA shear-thinning 752 YERNS n, n, Mayonnaise 0.476 1.130 0.9970
n*>19%2 Newton AT = ol PL oju|sic). u} Ketchup 3.601 1.008 0.9975
4 AP shad= B EnpE Azl s AAE Wasabi 8.031 1.046 0.9940
Table 3. Calculated power-law parameters for three kinds of semi-solid food materials
nw) n(w) [ @) |
Sample k n P k' n' r k* n* P
®-s™) ©) @ @®- s “

Mayonnaise 779 0.190 0.9995 895 0.075 0.9978 6953 0.076 0.9998

Ketchup 339 0.173 0.9997 1281 0.167 0.9968 4355 0.164 0.9996

Wasabi 847 0.250 0.9923 12058 0.151 0.9987 35891 0.160 0.9976
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C, C' :multiplicative constants

G'(w) : storage modulus

G"(®) :loss modulus

k : consistency index for steady flow viscosity

K : consistency index for dynamic viscosity

k* : consistency index for complex viscosity
: flow behavior index for steady flow viscosity

' : flow behavior index for dynamic viscosity

n* : flow behavior index for complex viscosity

m, m, :power indices in generalized viscoplastic flow
model

r : determination coefficient

t : time

J2|x 2%t

o, of :power law exponents

¥ : shear rate

Yo : strain amplitude

n(Yy) :steady shear flow viscosity

N(w) :dynamic viscosity

N*(w) :complex viscosity

Neo : infinite viscosity

o(y) :shear stress

o ¥ s yield stress

w :angular frequency
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