
Viscosity of Ice Cream Mix at Pasteurization Temperatures 

ABSTRACT 

To calculate the holding times of ice 
cream mixes in the tubes of HTST 
pasteurizers, accurate viscosity data are 
needed for the temperatures and the 
shear rates of interest. Apparent viscosity 
was determined for ice cream mixes at 
8O’C using shear rate sweeps in a Cani- 
Med rheometer. Mixes varied in fat per- 
centage, milk SNF, sweetener content, 
type of polysaccharide (guar, locust bean 
gum, carboxymethyl cellulose, xanthan), 
polysaccharide concentration, and 
blended proprietary stabilizer type and 
concentration. The effect of dissolution 
time was also studied. Data were fitted 
to the power law model, and the best 
estimate of flow behavior index was .7 
for all mixes except those with xanthan 
gum, in which case the estimate was .5. 
The consistency coefficient is reported 
for all combinations described and pro- 
vides useful data for equipment design 
and regulatory needs. The effect of the 
consistency coefficient on Reynolds 
number in holding tubes is also dis- 
cussed. 
(Key words: stabilizers, polysaccharides, 
viscosity, pasteurization 

Abbreviation key: n = flow behavior index of 
the power law equation, K = consistency 
coefficient. 

INTRODUCTION 

We (8.9) previously reported that ice cream 
mixes being processed 
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pasteurizers under certain conditions of hold- 
ing tube diameter and flow rate may exhibit 
laminar flow in the holding tube. In laminar 
flow, the ratio of mean velocity to maximum 
velocity is .5. In turbulent flow, the ratio of 
mean velocity to average maximum velocity is 
larger and depends on the extent of turbulence 
(near 1 for isotropic turbulence) (7). Turbulence 
may increase because of a temperature increase 
by its effect on reducing viscosity. At the same 
mean velocity, the minimum holding time for 
laminar flow is shorter than the minimum 
holding time for turbulent flow. This charac- 
teristic could potentially lead to insufficient 
holding time during pasteurization if adjust- 
ments are not made to flow rate to account for 
differences in viscosity, especially when hold- 
ing time has been determined using a salt 
injection into water, which has a low viscosity. 
Pasteurization regulations vary by jurisdiction; 
however, all regulations state that every parti- 
cle of milk or milk product must be held at a 
minimum temperature (e.g., 80’C for ice cream 
mix in Ontario) for a minimum time (e.g., 25 s 
for ice cream mix in Ontario) (11). 

The flow pattern exhibited within pipeline 
flow can be estimated by calculation of the 
Reynolds number (5). One of the difficulties 
associated with appropriate calculations of 
Reynolds number is obtaining reliable data on 
ice cream mix viscosity at pasteurization tem- 
peratures as a function of composition and 
preparation procedure. Arbuckle (1) stated that 
mix viscosity is a function of composition 
(mainly fat, stabilizer, and salts), processing 
conditions (mainly pasteurization, homogeniza- 
tion, and aging), and temperature. He also sug- 
gested that mix viscosity comprises apparent 
viscosity, which dissipates with agitation, and 
basic viscosity, which ranges from 50 to 300 
mPas. This “apparent” viscosity at rest or at 
low shear rate is partly due to phenomena (e.g., 
aggregation of fat globules) that cause shear 
rate thinning behavior and partly due to the 
thixotropic character of the mix. Arbuckle (4) 
did not define the shear rate at which basic 
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viscosity values were reported, however, and 
most stabilized ice cream mixes demonstrate 
non-Newtonian, pseudoplastic behavior (4, 9). 

Cottrell et a]. (4) studied the effects of so- 
dium carboxymethyl cellulose, carrageenan, 
guar gum, and locust bean gum on ice cream 
mix viscosity between 30 and 0°C. They (4) 
demonstrated a nonlinear increase in apparent 
viscosity with concentration of all four 
stabilizers studied and used a power law model 
(Equation [2]) to describe these effects. The 
flow behavior index (n) of the power law 
model ranged from .8 at . l% to .48 at .3% for 
locust bean gum and from .94 at . I %  to .68 at 
.3% for guar gum in ice cream mixes contain- 
ing 38.75% total solids. Smith et al. (13) 
reported on the effect of sweeteners on mix 
viscosity at 2'C. Using the power law model, 
values were reported for the consistency 
coefficient (K) of between 4.8 and 6.7 Pa.sn 
and for n between .48 to .55 in an ice cream 
mix containing 10% milk fat, 37.3% total 
solids, and .3% of a proprietary stabilizer 
blend. Another factor greatly influencing mix 
viscosity is the dissolution time of the polysac- 
charide in solution. Polysaccharide polymers 
interact with water and require time to become 
hydrated fully (2). Polymer hydration is 
reduced in the presence of sugars, leading to 
interactions between polymers and increases in 
apparent viscosity of the solution (6). 

In the presence of nowNewtonian behavior, 
when viscosity varies with shear rate, 

where N G R ~  = generalized Reynolds number, p 
= fluid density, D = diameter of tube, V = 
average velocity, and n and K are the power 
law parameters (7). To use Equation [ l ]  to 
determine whether laminar (NGR~ c 2100) or 
turbulent flow may occur, the power law 
parameters for viscosity are needed. 

Thus, ice cream mix viscosity is an impor- 
tant parameter in determining flow behavior, 
and many factors contribute to the viscosity of 
an ice cream mix. Hydrocolloids play an im- 
portant role, and their interactions with water 
and other solutes are complex. The viscosity 
value that is critical for determining flow be- 
havior in the holding tube of a continuous 

pasteurizer is at an intermediate step in the 
processing of ice cream mix and thus may not 
be the same as that determined when the mix 
is at equilibrium viscosity. Comprehensive 
data on ice cream mix viscosity at pasteuriza- 
tion temperatures are difficult to find. Thus, 
the purpose of this paper is to report the results 
of a study of mix viscosity at 80'C under 
typical processing conditions. 

MATERIALS AND METHODS 

Manufacture of Ice Cream Mixes 

The standard formulation used for all prepa- 
ration procedure studies consisted of 11% milk 
fat, 10.5% milk SNF, 12.5% sucrose, 2.5% 
corn syrup solids, and .3% stabilizer. Unstabi- 
lized cream (Wm. Neilson Ltd., Halton Hills, 
ON, Canada), instant skim milk powder (Gay 
Lea Foods, Guelph, ON, Canada), water, su- 
crose (Redpath Sugar, Toronto, ON, Canada), 
42 dextrose equivalent coarse corn syrup solids 
(Casco, Inc., Etobicoke, ON, Canada), and guar 
gum (Food Specialties, Mississauga, ON, 
Canada) were used in the preparation of these 
mixes. The stabilizer was blended with the 
sugars and added to the p rewmed  milk ingre- 
dients and water at 30°C. The mixture was 
then processed in one of two ways. Mixes of .5 
kg were mixed with a laboratory mixer (Tis- 
sumizer, Terkmar, Cincinnati, OH) for 60 s 
and held at 30'C for 30 min, prior to rapid 
heating to 80'C in the cell of the rheometer. 
Mixes of 7 kg were held at 30'C for 20 min, 
heated to 50°C homogenized in a two-stage 
Cherry-Burrell Superhomo (Chicago, JL) at 
17.3 MPa (2500 psig) for first stage and 3.5 
MPa (500 psig) for second stage, and then 
transferred to the rheometer for heating to 
80°C within 30 min after blending. The hold- 
ing time in each case simulated commercial 
blending conditions prior to HTST pasteuriza- 
tion. Variables that were examined included 
time of mixing (30 to 120 s), holding time 
prior to heating (0 to 30 min), mix temperature 
(30 or 80"C), and effect of homogenization. 

The fat, SNF, and sweetener components of 
this standard formulation were varied in the 
following ways, holding all other composi- 
tional variables constant: fat content, 8 or 14%; 
SNF, 9 or 12%; corn syrup solids and sucrose, 
0 and 15% or 5 and 10%. Mono- and diglycer- 

Journal of Dairy Science Vol. 77, No. 8. 1994 



MIX VISCOSITY AT PASTEURIZATION TEMPERATURES 2209 

ides (. 15%; Food Specialties), carrageenan 
(.02%; Food Specialties), and the following 
polysaccharides (.13 and .28%) were added to 
the standard mix: guar gum, locust bean gum, 
sodium carboxymethyl cellulose, and xanthan 
gum (Food Specialties). The following blended 
stabilizer-emulsifier preparations (.3 and .45%) 
were also added to the standard mix: Emul- 
bilizer 300 (mono- and diglycerides, guar gum, 
Polysorbate 80, carrageenan, locust bean gum; 
Food Specialties); Essenoid HT84 (mono- and 
diglycerides, locust bean gum, carboxymethyl 
cellulose, guar gum, Polysorbate 80, and car- 
rageenan; Food Specialties); and GS 1 143 
(mono- and diglycerides, carboxymethyl cellu- 
lose, guar gum, Polysorbate 80, and carragee- 
nan; Davis-Germantown, Scarborough, ON, 
Canada). All mixes were prepared in duplicate. 

Vlscosky Measurement 

Viscosity was measured using a constant 
stress rheometer (Carri-Med CSL 100, Dork- 
ing, Surrey, U K )  equipped with an aluminum 
Mooney-Ewart (Carri-Med) concentric cylinder 
geometry (4-cm diameter, l-mm gap between 
cylinders, truncated cone, 2°C angle, .77-pm 
gap). The samples (8 ml) were heated to 80'C 
in the preheated Carri-Med concentric cylin- 
der, which was connected to a circulating wa- 
ter bath to maintain the sample temperature. 
Heating time for the mix in the concentric 
cylinder was very rapid (2 to 3 s), as deter- 
mined with a thermocouple. The gap was set 
for each sample while the entire measurement 
system was at 80'C, thus accounting for ther- 
mal expansion of the geometry. Shear rate 
sweeps from 20 to 200 s-l were performed 
immediately after the sample was loaded into 
the rheometer. 

Data Analyses 

The power law model was used to charac- 
terize the viscosity of the experimental ice 
cream mixes for typical shear rates in pasteuri- 
zation systems: 

u = K?", PI 

where u = shear stress (millipascals), 4 = shear 
rate (per second), K = consistency coefficient 
(millipascal seconds"), and n = flow behavior 
index (3). 

A nonlinear regression procedure (12) was 
used to calculate least squares estimates of the 
parameters K and n based on the shear sweep 
data over a range of shear rates from 20 to 200 
s-l. Because of the form of the power law 
model, interaction between the parameters oc- 
curred, and the estimate of one parameter was 
highly sensitive to the estimate of the other. 
This result also made it difficult to estimate the 
appropriate joint confidence region for the 
parameters. Asymptotic 95% confidence inter- 
vals for the estimates of n were estimated by 
the SAS regression procedure, and most in- 
cluded the value n = .7. For this group of 
samples, n was fixed at .7, and K was esti- 
mated by linear, least squares regression using 
the shear stress and shear rate data directly. 
Samples that did not exhibit this shear thinning 
behavior included the mixes containing xan- 
than gum (.13 and .28%). For these samples, 
the value of n was fixed at .5. 

RESULTS AND DISCUSSION 

To model the rheological characteristics at 
typical HTST temperatures (80"C), the effects 
of shear rate, temperature, sample preparation 
procedure, holding time, and measurement 
time on the flow behavior were investigated. 
All of the ice cream mixes, including the con- 
trol mixes without polysaccharide stabilizers, 
exhibited non-Newtonian flow, as was ex- 
pected (2, 4). Apparent viscosity increased as 
shear rate decreased over the shear rate range 
of 20 to 200 s-l, indicating the importance of 
specifying shear rate conditions in any meas- 
urement or tabulation of ice cream mix vis- 
cosity data. Mix viscosity also decreased with 
increasing temperature, as was expected (1, 2). 
In the standard mix at 20 s-l, viscosity ranged 
from 130 mPa.s at 30°C to 70 mPa.s at 80°C 
and, at 200 s-l, viscosity ranged from 70 
mPas at 30°C to 30 mPas at 80'C. 

The conditions of incorporation of stabilizer 
into the mix affected viscosity. When ingre- 
dients were mixed for 60 s with the laboratory 
mixer or homogenized in the pilot-scale 
homogenizer, the repeatability of the data was 
greatly improved, presumably through better 
homogeneity or better dispersion and faster 
dissolution of the powders. Mixing for 120 s 
with the laboratory mixer produced similar 
results to the 60-s mixing. With guar gum, 
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Figure 1 .  The effect of holding time of the blended 
standard mix at 30'C prior to heating on apparent vis- 
cosity, measured at 8o'C. Holding times: 30 min (--), 
20 min (. .). 10 min (-- -), or 0 min (----). 

either the laboratory mixing procedure or 
homogenization led to the same viscosity shear 
rate profile; however, homogenization was 
necessary to incorporate fully many of the less 
soluble stabilizers. 

A further complicating variable was the 
time needed for full dissolution of the 
stabilizer in the ice cream mix because vis- 
cosity increases as a result of hydration. Al- 
though it was important to allow the polysac- 
charides time to hydrate, it was also important 
to simulate commercial processing conditions. 
In a processing environment, up to 30 min 
may pass between the blending and the pump- 
ing of the final blended product through the 
HTST system. Mix viscosity of the standard 
mix at 30'C, 'measured at a constant shear rate 
of 100 s-l, increased from 23 to 61 mPa-s over 
20 min in the rheometer, probably because of 
the time of dissolution of the stabilizer. Water 
loss from evaporation at this temperature was 
not expected. Figure 1 shows the effect of 
holding time of the mix at 30'C on the appar- 
ent viscosity, measured at 80'C. Viscosity 
steadily rose from 0 to 30 min, but the differ- 
ences between holding times were less as time 
increased. Thirty minutes seemed appropriate 
to allow full or nearly complete dissolution of 
the stabilizer at this temperature. 

A final experimental variable to control was 
the measurement time in the rheometer. Vis- 
cosity at a constant shear rate increased more 
rapidly in the rheometer from 0 to 4 rnin at 
80'C than at 30°C over 20 min. This effect 

may have been related to polysaccharide 
hydration and interactions between polymers 
(6) but may have also been due to evaporation 
of moisture from the sample. However, an 
increase in total solids in the mix as a function 
of time in the rheometer could not be demon- 
strated. In commercial practice, mix is only 
held at 80°C for a minimum of 25 s. Thus, 
shear rate sweeps were performed from 20 to 
200 s-l for all compositional variables in the 
up direction only over 2 min, and immediately 
upon reaching 80'C. as equipment limitations 
would not allow shorter times. Replicate sam- 
ple variation exceeded the variation seen when 
up versus down sweeps were compared for the 
same sample. Shear rates at the wall within a 
commercial holding tube at typical processing 
conditions have been calculated as 20 to 200 

The main objective of this research was to 
determine the effect of compositional variables 
on the rheological characteristics of the ice 
cream mixes at pasteurization temperatures and 
processing conditions. The power law model 
was used to describe the apparent viscosity as 
function of the shear rate raised to an exponent 
of (n - 1). Thus, a solution with n less than 
unity exhibits decreasing apparent viscosity as 
the shear rate increases, which is referred to as 
pseudoplastic behavior. Not surprisingly, ice 
cream mixes containing complex polysaccha- 
ride stabilizers are pseudoplastic; particles may 
disaggregate, and the large polymer molecules 
tend to disentangle and possible align in the 
flow field as the shear rate increases, offering 
less resistance to flow (2). 

Initially, nonlinear regression was used to 
estimate values for n and K simultaneously for 
each composition of ice cream mix based on 
the shear stress and shear rate data for two 
replicates. In all cases, the statistical analysis 
indicated high cross-correlation between the 
two parameters, and a joint confidence region 
for the two parameters was difficult to esti- 
mate. For most of the ice cream mixes, the 
estimates of n were between -66 and .74, and 
all 95% confidence intervals for the estimates 
included n = .7. Therefore, it was decided that 
n could be estimated to one significant digit, 
.7, which was used to describe the shear thin- 
ning behavior of most of the solutions contain- 
ing polysaccharide stabilizers. Once the param- 
eter n was fixed, the values of K for each ice 

s-I (9). 
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Figure 2. The effect of fat content of the mix on mix 
viscosity at 80°C. Fat: 8% p), 11% (A), and 14% (0). Data 
points represent the results of both trials. The fitted curyes 
according to the power law equation are shown by the 
dashed lines. 

cream mix were calculated by least squares 
linear regression using the shear stress and 
shear rate data directly. 

The effect of increasing fat percentage on 
the apparent viscosity is illustrated in Figure 2. 
Figure 3 presents both experimental values and 
fitted curves for different percentages of guar 
gum in the mix. The control sample 
represented in Figure 3 contained .15% 
monoglycerides, diglycerides, and a minimal 
amount of carrageenan (.02%). The fitted 
curves in both figures are based on a flow 
index of .7 and the appropriate K value for the 
particular composition (including the control 
sample). The apparent viscosity increased sub- 
stantially as typical commercial levels of poly- 
saccharide (.l to .3%) were incorporated. Both 
figures indicate that the assumption of a con- 
stant flow index gives a reasonable prediction 
of the effect of shear rate on apparent vis- 
cosity. Although experimental observations 
were made at low shear rates (40 s-l), the 
calculated apparent viscosities were subject to 
the largest experimental errors due to the low 
stresses involved. 

The estimates of K for mix compositional 
variables are summarized in Table 1. Apparent 
viscosity increased as fat and SNF increased in 
the mix. However, in these experiments, the 
total solids also changed with the adjustments 
in fat and SNF. The effect of corn syrup solids 
was not statistically significant (P > .05) in the 
set of experiments conducted with total 

10 
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Shear rate ( 5 ' )  

Figure 3. The effect of two percentages of guar gum 
on mix viscosity at 80'C compared with viscosity of a 
control mix with no stabilizer. Guar gum: 0% (control; A), 
.13% p), and ,2846 (0). Data points represent the results of 
both trials. The fitted curves according to the power law 
equation are shown by the dashed lines. 

sweetener content of 15%. Although this result 
may not have been expected, the effects of 
corn syrup solids on increasing mix viscosity 
reported by others (2) may become more evi- 
dent as mix temperature is lowered after pas- 
teurization. 

The estimates of K and n for the mixes 
containing the various polysaccharides are 
summarized in Table 2. As polysaccharide 
concentration was increased from .13 to .28%, 
apparent viscosity significantly increased with 
all polysaccharides. Carboxymethyl cellulose 
produced the lowest apparent viscosity at 
.28%, guar gum and locust bean gum were 
similar, and xanthan produced the highest ap- 
parent viscosity in the mixes at .13%. Also, 
xanthan produced a lower n, .5 ,  than the other 
polysaccharides, no doubt because of its pecu- 
liar structure; demonstrated higher pseu- 
doplasticity in solution (10); and showed a 
lower concentration dependence than the other 
polysaccharides, which as such is remarkable. 
In model solutions, such a difference is not 
observed. Monoglycerides and diglycerides 
(.l5%), and carrageenan (.02%) were added to 
the polysaccharide mixes to bring them to 
levels similar to those in the blended stabiliz- 
ers; the total percentage of stabilizer plus 
emulsifier was constant in each case. Table 3 
summarizes the estimates of K for the blended 
stabilizers. All three blended stabilizers were 
based on proprietary combinations of guar, 
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TABLE 1. Effect of mix compositional variables on the consistency coefficient (K) as estimated by the power law 
model.] 

Mix 
comwsition2 

Estimated K - 
X 95% CI r2 

Apparent viscosity 
at 100 s-1 

(m4) - (m4 
Control3 135 1 ,999 33.9 
Fat 

8% 105 1 ,995 26.4 
14% 175 2 ,994 43.9 

9% 128 2 ,987 32.1 
12% 180 7 ,916 45.2 

0% + 15% sucrose 131 2 ,998 32.9 
5% + 10% sucrose I50 20 ,925 37.7 

SNF 

css4 

lFlow behavior index = .7. The 95% confidence interval (Q for K and the rz value for the power law fit to the data 
are also shown. The apparent viscosity at 100 s-1 has been calculated from the estimates of the model. All mixes 
contained ,396 guar. 

*All other mix composition variables were held constant. 
3Conuol contained 11% fat, 10.5% SNF, 12.5% sucrose, 2.5% CSS. 
Torn SYNP solids. 

locust bean gum, and CMC. However, the 
blended stabilizers produced a lower apparent 
viscosity than the pure polysaccharides, rang- 
ing from 7.8 to 26.9 mPa.s at 100 s-l. The 
percentages of polysaccharide and emulsifier 
were likely different in each case. 

The range of K when n = .7 for all ice 
cream mixes was from 31 to 180 m P a . ~ . ~ ,  and 
apparent viscosity of mixes that included a 

polysaccharide stabilizer ranged from 7.8 to 
45.2 mPa.s at 100 s - l .  The typical range of 
processing conditions for HTST systems in- 
cludes processing rates of 1820 to 40,950 L/h 
(400 to 9000 Imp. gal/h) and holding tube 
diameters between 5.1 and 10.2 cm (2 and 4 
in). For these conditions and mix characteris- 
tics, generalized Reynolds numbers (Table 4) 
were calculated as outlined by Goff and David- 

TABLE 2. Effect of mix polysaccharides on the consistency coefficient (K) as estimated by the power law mode1.I 

Mix 
comDosition2 

Estimated K - 
X 95% CI r* 

Apparent viscosity 
at 100 s-1 

( m . s n )  - ( r n . S )  

n = .7 
No stabilizer 15 .2 ,905 3.8 
.13% CMC 44 3 ,997 11.0 
.28% CMC 99 1 .997 24.9 
.13% Guar 43 3 ,938 10.8 
.28% Guar 149 6 ,984 37.4 
.13% LBG 50 1 .99 I 12.6 
.28% LBG 139 2 ,994 34.9 

,1396 xanthan 217 5 ,914 21.7 
, 2 8 8  xanthan 25 1 13 ,791 25.1 

n = .5 

'The 95% confidence interval (Q for K and the r2 value for the power law fit to the data are also shown. The 

zAll mixes contained 11% fat, 10.5% SNF, 12.5% sucrose, 2.5% corn syrup solids, ,1596 mono- and diglycerides, and 
apparent viscosity at 100 s-l has been calculated from the estimates of the model. 

,0255 carrageenan. CMC = Sodium carboxymethyl cellulose; LBG = locust bean gum. 
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TABLE 3. Effect of commercial blended stabilizers on the consistency coefficient (K) as estimated by the power law 
model.1 

Mix - Apparent viscosity 
composition2 X 95% CI rz at 100 s-I 

Estimated K 

(mPa,sn) 0nPa.s) 
.30% E3003 35 4 ,824 8.8 
,4596 E300 48 3 ,911 12.1 
.30% GS1143 31 .4 ,980 7.8 
.45% GS1143 43 .3 ,896 10.8 
,3046 HT84 52 3 ,925 13.1 
, 4 5 8  HTM 107 4 .972 26.9 

'Flow behavior index = .7. The 95% confidence limits for K and the r2 value for the power law fit to the data are also 
shown. The apparent viscosity at 100 s-1 has been calculated from the estimates of the model. 

2All mixes contained 11% fat, 10.5% SNF, 12.5% sucrose, and 2.5% corn syrup solids. 
3The compositions of Emulbilizer 300 (WOO), Essenoid HT84. and GS1143 are listed in the Materials and Methods 

section 

son (9). These calculations indicated that the 
potential exists for laminar or transitional flow 
for mixes with the highest K over all process- 
ing conditions and also for mixes with low K 
in smaller systems (small holding tubes and 
low flow rates). Further research is being con- 
ducted on a pilot-scale HTST pasteurizer to 
determine the effects of mix properties and 
processing conditions on the holding time. 
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