BLOKSMA, A. H. 1975. Thiol and disulfide groups in dough rheology.
Cereal Chem. 52:170r-183r.

BUSHUK, W. 1985. Rheology: Theory and application to wheat flour
doughs. Pages 1-26 in: Rheology of Wheat Products. H. Faridi, ed.
Am. Assoc. Cereal Chem.: St. Paul, MN.

DICK, J. W. 1985. Rheology of durum. Pages 219-240 in: Rheology
of Wheat Products. H. Faridi, ed. Am. Assoc. Cereal Chem.: St. Paul,
MN.

DREESE, P. C., FAUBION, J. M., and HOSENEY, R. C. 1988a.
Dynamic rheological properties of flour, gluten, and gluten-starch
doughs. I. Temperature-dependent changes during heating. Cereal
Chem. 65:348-353.

DREESE, P. C., FAUBION, J. M., and HOSENEY, R. C. 1988b.
Dynamic rheological properties of flour, gluten, and gluten-starch
doughs. II. Effect of various processing and ingredient changes. Cereal
Chem. 65:354-359.

FAUBION, J. M., DREESE, P. C., and DIEHL, K. C. 1985. Dynamic
rheological testing of wheat flour doughs. Pages 91-116 in: Rheology
of Wheat Products. H. Faridi, ed. Am. Assoc. Cereal Chem.: St. Paul,
MN.

FITZGERALD, J. V., MATUSIK F. J., and WALSH, T. M. 1988. New
method and instrument for rheology of dough. Cereal Foods World
33:908-912.

HELDMAN, D. R., and SINGH, R. P. 1981. Food Process Engineering,
2nd ed. AVI Publishing Co.: Westport, CT.

HIBBERD, G. E., and PARKER, N. S. 1975. Measurement of the

fundamental rheological properties of wheat flour doughs. Cereal Chem.
52:1r-23r.

HOSENEY, R. C. 1985. Rheology of fermenting dough. Pages 177-191
in: Rheology of Wheat Products. H. Faridi, ed. Am. Assoc. Cereal
Chem.: St. Paul, MN.

JASBERG, B. K., MUSTAKAS, G. C., and BAGLEY, E. B. 1981. Effect
of extruder retention time of capillary flow of soy dough. J. Food
Process Eng. 5:43-56.

MATSUO, R. R,, and IRVINE, G. N. 1975. Rheology of durum wheat
products. Cereal Chem. 52:131r-135r.

MATSUMOTO, H., NISHIYAMA, J., MITA, T., and KUNINORI, T.
1975. Rheology of fermenting dough. Cereal Chem. 52:82r-88r.

NAGAO, S. 1985. Do-corder and its application in dough rheology. Pages
75-90 in: Rheology of Wheat Products. H. Faridi, ed. Am. Assoc.
Cereal Chem.: St. Paul, MN

RASPER, V. F. 1975. Dough rheology at large deformations in simple
tensile mode. Cereal Chem. 52:24r-41r.

REFAI A. C.,, FAUBION, J. M., and HOSENEY, R. C. 1988. Lubricated
uniaxial compression of fermenting doughs. Cereal Chem. 65:401-403.

SHARMA, N. 1990. Modeling flow behavior of flour-water doughs. Ph.D.
dissertation. University of Nebraska: Lincoln.

SHARMA, N., HANNA, M. A,, and FRIESEN, B. A. 1990. Monitoring
dough flow rate using a computer. Cereal Foods World 35:550-552.

SHARMA, N., and HANNA, M. A. 1992. Assessing handling properties
from flow parameters as influenced by dough water content. Cereal
Foods World 37:27-29.

[Received April 9, 1992. Accepted July 22, 1992.]

Flow Behavior of Wheat Flour-Water Dough Using a Capillary Rheometer.
I1. Effects of Water, Protein, Mix, and Rest Time'?>

N. SHARMA, M. A. HANNA, and D. B. MARX?

ABSTRACT

Doughs made with various combinations of water, protein, and mix
and rest times were extruded at ambient temperature through a capillary
of known geometry. The flow behavior of the doughs was described by
a power law model. The consistency coefficient decreased with increasing
water content in the doughs, but it increased with increasing protein
content. Mix and rest times did not show a significant effect on the
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consistency coefficient. The flow behavior indices were not affected by
water, protein, mix time, or rest time over the ranges studied. The con-
sistency coefficients were predicted within reasonable accuracy by a
quadratic model including only water and protein as independent vari-
ables. The quantification of flow properties could be used for quality
control using automated process control in bakeries of the future.

The best known application of dough rheology is in determining
the baking quality of flour (Muller 1968). Quality of the finished
product is thought to be largely dependent on dough rheology.
This has led researchers to investigate rheological properties of
doughs in detail and to report the outcomes in a large number
of publications (Udy 1953, Dempster and Hlynka 1958, Bayfield
and Stone 1960, Glucklich and Shelef 1962, Hlynka 1962, Bloksma
1968, Funt et al 1968, Lerchenthal and Funt 1968, Navickis et
al 1982, Faubion et al 1985, Abdelrahman and Spies 1986, Dreese
et al 1988, Refai et al 1988, and Preston 1989). These studies
evaluated the effect of mixing time, temperature, water, and
several additives on the storage modulus, loss modulus, loss
tangent, elasticity, and plasticity of doughs. In general, these
studies were related to quality of flour and dough performance
in baking, but the information cannot be applied to engineering
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calculations. In automated bakeries of the future, it is envisioned
that the use of off-line or laboratory instrumentation will not
be possible (Faubion and Faridi 1986). Rather, on-line sensors
will assess the difference in the dough’s mechanical properties,
and a control system will order the necessary adjustments. Flour
uniformity, dough consistency, and flow properties of dough are
the characteristics that appear to be important for designing
automatic control systems for the bakeries of the future. At
present, not much information is available on the flow behavior
of dough. Some literature exists on flow characteristics of flour-
water and other food suspensions (Kitterman and Rubenthaler
1971, Doublier 1981, Doublier et al 1987, Vergnes and Villemarie
1987, Alloncle et al 1989, Steffe et al 1989), but the information
is not applicable to doughs. Sharma (1990) studied flow
characterization of dough itself, as opposed to flour-water sus-
pensions, using the capillary technique, which proved to be
successful in handling highly viscous doughs. The flow behavior
of flour-water dough with a fixed composition (fixed amount
of water and flour) was described. In reality, doughs can be made
from flours with varying amounts of proteins, and with diffeent
amounts of water, depending on the desired final characteristics
of the finished product. It is important to know how the flow
behavior is affected by changes in water or protein content. There-
fore, this study evaluated the effects of changing water content
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in doughs made from flours of different protein content. The
influences of mix time and rest time on flow properties were
also studied because of their known effects on dough performance.

MATERIALS AND METHODS

The capillary extrusion rheometer, as described by Sharma and
Hanna (1992), was used to obtain necessary data on the flow
rate and the pressure drop through the capillary. A brass capillary
tube with a 3.2-mm inside diameter and a 49.7-mm length was
used. The dough was extruded in the shear rate range of 3-600
sec”'. Bakery flour and vital wheat gluten were obtained from
ConAgra (Omaha, NE) and Ogilvie Mills, Inc. (Minnetonka,
MN), respectively. The moisture contents of flour and gluten were
determined to be 12.6 and 7.8% (wet basis), respectively, using
the standard method of drying 3 g of flour at 130°C for 1 hr
in a convection oven (method 44-15a, AACC 1983). The protein
contents of flour and gluten were determined to be 14.3 and 69.3%,
respectively, from the Kjeldahl nitrogen, using a protein
conversion factor of 5.73 (method 46-11, AACC 1983). To obtain
a flour with a higher protein content, bakery flour and gluten
were mixed in a model 310 Hobart mixer (Hobart Corp., Troy,
OH) using the appropriate amount of each after considering their
individual moisture and protein contents. Flours with final protein
contents of 20, 30, and 40% were prepared in this manner. The
moisture content of final mixed flour (gluten and bakery flour)
was determined using the standard method 44-15A (AACC 1983).

TABLE I
Rheological Data for Doughs Made from Flour with 14 and 20%
Protein Using Different Water Contents, Mix Times, and Rest Times

Sample
Mix Rest Plunger Shear Shear
Protein Water Time Time Speed Force Pressure Stress Rate

(%) (%) (min) (min) (mm/min) (N) (kPa) (kPa) (1/s)

14 45 3 15 10 3,303 2,900 47 59
20 3,842 3,370 54 117

50 4,851 4,250 69 293

100 6,223 5,460 88 586

20 45 2 0 10 3,881 3,420 55 59
20 5,096 4,490 72 117

50 6,635 5,850 94 293

100 8,565 7,550 122 586

20 40 3 15 10 11,182 9,860 159 59
20 13,612 12,000 194 117

50 18,620 16,420 265 293

100 23,912 21,080 340 586

TABLE 11
Rheological Data for Doughs Made from Flour with 30% Protein Using
Different Water Contents, Mix Times, and Rest Times

Sample
Mix Rest Plunger Shear Shear
Protein Water Time Time Speed Force Pressure Stress Rate

(%) (%) (min) (min) (mm/min) (N) (kPa) (kPa) (1/s)
30 40 2 30 5 8212 7,240 17 29
10 10535 9,290 150 59
20 10,868 9,580 155 117
50 20,217 17,830 288 293

30 40 2 0 5 8,193 7,220 117 29
10 11,025 9,720 157 59
20 14,631 12,900 208 117
50 17,287 15,240 246 293

30 45 4 30 10 4,018 3,540 57 58
20 4,802 4,230 68 117

50 6,899 6,080 98 293

100 8,526 7,520 121 586

Water was added to the flour to attain final moisture contents
of 40, 45, and 50% (wet basis) in the dough. These moisture
contents in the dough were computed considering the moisture
of the flour and the added water.

Mix times of 2, 3, and 4 min were used with the above three
amounts of water to make the doughs in a Pin Mixer (National
Manufacturing Co., Lincoln, NE). After the doughs were made,
they were allowed to rest in plastic bags for 0, 15, and 30 min
and then extruded.

A 1/3 fraction of a 3* factorial experiment was combined with
axial and center points to form a central composite design to
study the effects of protein and water concentrations and the
effects of mix and rest times. With each combination of the four
factors, dough was extruded with four different plunger speeds
to obtain four values of shear stress and shear rate. Response
surface regression analysis was used to develop the statistical
model to predict the flow parameters of the flour-water dough
as a function of the independent parameters studied.

Apparent shear rate was calculated as

y =49/ wr’,

where v = apparent shear rate (sec”'), Q = volumetric flow rate
(m®/sec), and r = capillary radius (m).

Shear stress at the wall of the capillary tube was calculated
as

o= APr/2L,

where 7, = shear stress at wall (Pa), AP = pressure drop down
the capillary (Pa), r = radius of capillary (m), and L = length
of capillary (m). The Rabinowitsch correction factor was obtained

TABLE III
Rheological Data for Doughs Made from Flour with 40 and 50% Protein
Using Different Water Contents, Mix Times, and Rest Times

Sample
Mix Rest Plunger Shear Shear
Protein Water Time Time Speed Force Pressure Stress Rate

(%) (%) (min) (min) (mm/min) (N) (kPa) (kPa) (1/s)

40 50 4 0 10 3,121 2,740 44 59
20 3,935 3,450 56 117

50 5,204 4,560 74 293

100 7879 6910 111 586

40 50 2 0 10 2,421 2,120 34 59
20 3,175 2,790 45 117

50 4,444 3,900 63 293

100 6,007 5,270 85 586

50 45 3 15 10 9,614 8,430 136 59
20 10,819 9,490 153 117

50 13,975 12,260 198 293

100 15,935 13,980 226 586

TABLE IV
Sample Regression Constants for the Relationship
log ¥ = a + b log 7 and the Correction Factor

Mix Rest
Protein Time Time Moisture Correction

(%) (min) (min) (%) a b R? Factor
14 3 15 45 —15.57 3.72 0.99 1.68
20 2 0 40 —11.75 2.65 0.99 1.41
20 2 15 40 —13.73 3.06 0.97 1.51
20 3 30 50 —5.78 194 0.98 1.23
30 2 30 40 —10.70 2.42 0.89 1.36
30 3 15 45 —10.87 2.65 0.94 1.41
30 4 30 45 —12.25 295 0.99 1.49
40 2 15 45 —9.98 241 0.99 1.35
40 2 30 50 —12.30 3.05 0.99 1.51
40 3 30 50 —10.90 2.82 0.97 1.46
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from the slope of the straight line resulting from the plot of log
shear rate versus log shear stress. Finally, corrected shear rates
were obtained by multiplying the apparent shear rate by the
Rabinowitsch correction factor. The end corrections were not

TABLE V
Regression Constants for the Relationship
log 7 = a + blog v for Some Doughs

Protein  Mix Time Rest Time Moisture
(%) (min) (min) % a b R?
14 3 15 45 4.13  0.27 0.99
20 2 0 40 439 0.38 0.99
20 2 15 40 445 0.31 0.97
20 3 30 50 297 0.1 0.98
30 2 30 40 446 0.37 0.89
30 3 15 45 410 0.35 0.94
30 4 30 45 4.10 0.34 0.99
40 2 15 45 4.09 0.41 0.99
40 2 30 50 4.00 0.32 0.97
40 3 30 50 383 034 0.97
280
260 %
240 4
220 o
200 o
180 =
160
140 -
120 S
100 o
80 - 35% Water
60 e Actual Points
40 A — Predicted Points
20 -~
0 L) T L) L] T L] L] L] 1
0 2 4 6 8 10 12 14 16 18
150 -
140 A
130 +
120 o
=110 4
24; 100
2 0
(% 70 A
60 -
§ 50
& 40 45% Water
30 -~ e Actual Points
20 A — Predicted Points
10
0 L L) L] L]
0 200 400 600 800
10 1
9 -
8 -
7 1 .
6 .
5 -
4 -
3 55% Water
2 A9 e Actual Points
L = Predicted Points
0 M T T T Y T Y 1
0 200 400 600 800

Shear Rate (1/s)

Fig. 1. Flow curves for dough made from 30% protein flour mixed with
35, 45, and 55% water for 3 min and rested for 15 min.

applied because the doughs were extruded through only one
capillary. The flow curves were obtained by plotting log shear
stress versus log shear rate (corrected), which gave a comparative
idea of flow parameters of doughs.

RESULTS AND DISCUSSION

The complete data on forces, pressure drops across the capillary,
shear stresses, and shear rates generated while extruding different
doughs are presented elsewhere (Sharma 1990), but some repre-
sentative data are shown in Tables I-111. The shear rate and shear
stress data had a power-law relationship with a coefficient of
determination greater than 0.9, as shown in Table IV. Plots of
the logarithmic shear stresses and the corrected logarithmic shear
rates were linear, as suggested by the regression constants in Table
V. This suggested that the flow behaviors of dough made with
various combinations of protein concentrations, water levels, mix
times, and rest times were satisfactorily described by a two-param-
eter power-law model over the range of shear rates studied. Repre-
sentative flow curves for some of the doughs are shown in Figures
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Fig. 2. Flow curves for dough made from 20, 30, and 40% protein flour
mixed with 409% water for 2 min and rested for 30 min.
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