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ABSTRACT
Brookfield and Capillary viscometers were used to determine the viscosities of various % sucrose solutions at 30oC.  The objective was to determine the accuracy and precision of the Brookfield and Capillary viscometers by comparing corresponding experimentally determined viscosities to literature viscosities.  This specifically leads to the determination of the sucrose concentration ranges in which each viscometer is accurate to within 5% of literature value viscosities.  The Brookfield is accurate to within 5% of literature values between 30% and 60% sucrose solutions while the Capillary is accurate to within 5% over the entire range tested (5% to 60%).  Capillary viscometer sizes used should only test solutions with viscosities within the range of that specified by the manufacturer.  The Brookfield viscometer should only be used for viscosities above 2.407 cP or at a viscosity for which at least 10% max torque is reached.  The maximum uncertainties guaranteed by the viscometer manufacturers (1% - Brookfield2, 0.3% - Capillary5) could not be adequately tested because the preparation of the solutions as well as the variations in temperatures resulted in larger errors in the solutions’ viscosities than the errors guaranteed by the manufacturers.
OBJECTIVES

· To determine the accuracy and precision of the Brookfield and Capillary Viscometers by comparing corresponding experimentally determined viscosities to literature viscosities for sucrose solutions at 30oC.

SPECIFIC AIMS

· To experimentally determine the sucrose concentration ranges in which each viscometer is accurate to within 5% of literature value viscosities.

· To determine the accuracy of the Brookfield and Capillary Viscometers at 30oC for 5, 10, 20, 30, 40, 45, 50, 55, and 60% sucrose solutions, by comparing experimental viscosity to literature viscosity.
BACKGROUND

The website “Calculations on Pure Sucrose Solution” by Roberto Gilli was used for calculating the literature viscosity and density (for converting cSt to cP) values at varying temperatures and concentrations (the Sucrose Viscosity Equation is given in Theory and Methods of Calculation).  Figure 1 plots the literature viscosity values obtained from this website’s equation versus the corresponding percent sucrose solution while holding the temperature constant at 30oC.  An approximately exponential trend is observed for this data.  

Figure 1: Literature Viscosity Values (cP) vs. % Sucrose in Solution at 30oC

The viscosity values given have a maximum deviation of 1% from the true viscosities.
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By varying temperature and holding sucrose concentration constant, the graph shown in Figure 2 can provide a relationship between literature viscosity values and temperature.  Figure 2 shows a temperature range from 20oC to 45oC in 5oC increments.  The data shown in this figure is for a 30% sucrose solution.  An approximately negative exponential trend is observed in this data.

Figure 2: Literature Viscosity (cP) vs. Temperature (oC) for a 30% Sucrose Solution

The viscosity values given have a maximum deviation of 1% from the true viscosities.
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THEORY AND METHODS OF CALCULATIONS

The website “Calculations on Pure Sucrose”1 was used for calculating the literature viscosity and density (for converting cSt to cP) values at varying temperatures and concentrations. The Sucrose Viscosity Equation (shown below) on this website was also used to approximate the relative superposition of error (dn/n). The approximation was then used to find the error in the viscosities of our solutions from making and using our solutions, based on the individual errors in concentration and temperature.
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The equation from the website1 was inputted into Excel.  The % errors in viscosity caused by variations in temperature and concentration were found and the superposition of the errors was calculated using Equation 1.
Appendix Table 1 shows the superposition of errors from temperature and concentration variations calculated from % error in viscosity independent of temperature and % error viscosity in independent of concentration.  The percent error of viscosity independent of temperature (caused by error in concentration) was determined in the following manner. The concentrations of the solutions were estimated to have a maximum error of ±0.5 mass percent. The % error in viscosities was found for each concentration and combined with the error in viscosity due to temperature variation to yield the superposition of error for viscosities.  The percent error of viscosity independent of concentration (caused by variation in temperature) was determined in the same manner, however, concentration was held constant and temperature was estimated to have a maximum error of ±0.5oC (as those seen by the Brookfield).  These values were then used in Equation 1 to find the superposition of error in viscosity for each concentration.
MATERIALS AND APPARATUS

All materials and apparatus described in the BE 309 Fall 2002 Manual were used.  Besides these items, the following were added:

· Heat Plate/Magnetic Stirrer

· Scale accurate to ±0.00005 g

METHODS


5, 10, 20, 30, 40, 45, 50, 55, and 60% sucrose solutions were made using the mass fraction formula: (mass of sucrose)/ (mass of sucrose + water). Granular sucrose was weighed on scales accurate to ±0.00005 g, and then dissolved in deionized water. Sucrose solutions of 50% and higher were heated on a heat plate/magnetic stirrer to make the sucrose dissolve more quickly.

All testing methods and procedures used for the Brookfield and Capillary Viscometers are outlined in the BE 309 Bioengineering Laboratory III Manual. In addition:

Capillary Viscometer


For week 2, the size 200 capillary viscometer was used for all trials. For week 3, size 50 was used for 5, 10 and 20% sucrose solutions, size 75 was used for 30, 40, and 45%, size 100 was used for 50 and 55%, and size 150 was used for 60%.  

RESULTS

Multiple viscosity determinations were obtained for 5, 10, 20, 30, 40, 45, 50, 55, and 60% sucrose solutions using the Brookfield and Capillary Viscometers.  In addition to these solutions, the viscosity of 56 and 58 % sucrose solutions were obtained using the Brookfield Viscometer.   Using the Brookfield, for each sucrose solution, the viscosity and % maximum torque were recorded over a range of spindle speeds.  Capillary viscometers were used to measure viscosity by measuring the time of the fluid’s passage between indicated marks. 


     Figure 3 shows the experimental viscosities obtained from both the Capillary and Brookfield viscometers plotted against the literature viscosity values.  The Brookfield (Initial Solutions) data was obtained from solutions prepared in the second week and used in the second and third weeks.  The slope of the experimental viscosities versus literature viscosities is 1.064 with a squared correlation coefficient of 0.9940.  The Capillary (200) data was from the same solutions as the Brookfield (Initial Solutions) data.  A size 200 Capillary viscometer was used for all measurements in this data set.  The slope for this data versus literature viscosities is 1.153 with a squared correlation coefficient of 0.9954.  The Capillary (Varying Sizes) data was also from the same solution as the previous two data sets.  Measurements for this data set came from varying Capillary viscometers sizes, as stated in the Capillary Results section below.   The Capillary sizes for viscosity determination in this data set were chosen based on the literature viscosity for a given solution and the manufacturer’s specifications on viscosity range for a given capillary.  The slope of this data set versus literature viscosities is 0.9972 with a squared correlation coefficient of 0.9981.  The Brookfield (Additional Solutions) data was obtained from solutions prepared in the final week to complete data needed for analysis.  The slope of this data set versus literature viscosities is 1.1266 with a squared correlation coefficient of 0.9934.

Figure 3: The viscosities measured for the various % sucrose solutions using the Capillary and Brookfield viscometers are plotted below against the corresponding literature viscosity values.  The line on the graph represents a 1:1 correlation between experimental and literature values.  The error bars were calculated using the superposition of the errors from concentration and temperature as described in Theory and Methods of Calculation.
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Brookfield Viscometer Results


The viscosities measured for the % sucrose solutions were compared to corresponding literature values in order to gauge the accuracy of the Brookfield viscometer.  The percent difference between the experimental and literature viscosities was calculated and plotted against the corresponding % sucrose solutions in Figure 4.  The numerical values for the percent difference (accuracy) and the standard deviation (precision), which are the values used to create the graph below, are tabulated in Appendix Table 2.  The percent difference was calculated using the following equation: 
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The percent differences in the viscosities decreased until 55% sucrose solution, after which these differences increased.  This trend was observed in the Brookfield (Initial Solutions) data and was verified by testing freshly prepared 56, 58, and 60% sucrose solutions later in the project.  

Figure 4: The % differences calculated for the various % sucrose solutions using the Brookfield viscometer are plotted below against the corresponding % sucrose in solution.  The error bars were calculated using the superposition of the errors from concentration and temperature.
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To determine if a relationship exists between the maximum percent maximum torque for the various % sucrose solutions and the accuracy of the viscosity measurements, the percent difference between the experimental and literature viscosity values was plotted against percent maximum torque.  After 10% maximum torque, the percent differences fluctuate around the X-axis (0% difference), ranging from -5% to +10%.  The 95% confidence interval in the % difference between the experimental and literature viscosity values is included in Figure 5.  As can be observed by the plot below, the confidence intervals decrease as % maximum torque increases.  The percent maximum torques attained by each % sucrose solution are included in a plot in Appendix Figure 1.  The plot shows that the % maximum torques attained continue to increase up until 55% sucrose solutions, at which point the % maximum torque levels off and fluctuates between 90% and 95% (a property of the Brookfield programming, preventing the machine from surpassing 100% of maximum torque); this complements the data presented in Figure 5.

Figure 5:  The percent difference between the experimental viscosities and literature viscosities are plotted against the corresponding percent maximum torques.  The error bars shown are the 95% confidence intervals for the experimentally determined viscosities fit to the given units.
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Capillary Viscometer Results

The accuracies of the Capillary viscometers were determined by comparing the viscosities measured for the % sucrose solutions to the corresponding literature values.  The percent differences between the experimental and literature viscosities were calculated and plotted against the corresponding % sucrose solutions in Figure 6.  The numerical values for the percent difference (accuracy) and the standard deviation (precision), which are the values used to create the graph below, are tabulated in Appendix Table 2.  The percent difference was calculated using the same equation as that used for the Brookfield data.  The percent differences in the viscosities decreased up through 55% sucrose solutions, however, the 60% sucrose solutions show an increase in percent difference.  This trend is apparent in the Capillary (200) and Capillary (Varying Sizes) data sets.

Figure 6: The % differences calculated for the various % sucrose solutions using the Capillary viscometer are plotted below against the corresponding % sucrose in solution.  The data for the Capillary (200) was obtained using a size 200 capillary, whereas the data for the Capillary (Varying Sizes) was obtained from the following capillary sizes: size 50 for 5, 10, and 20% sucrose solutions, size 75 for 30, 40, and 45% sucrose solutions, size 100 for 50 and 55% sucrose solutions, and size 150 for 60% solution.  The error bars were calculated using the superposition of the errors from concentration and temperature.

[image: image9.emf]% Difference between Experimental & Literature Viscosity Values 

vs. % Sucrose in Solution at 30

o

C for Capillary Viscometer

-20

-15

-10

-5

0

5

10

15

20

25

30

0% 10% 20% 30% 40% 50% 60% 70%

% Sucrose in Solution

% Difference

Capillary (Varying Sizes) Capillary (200)


ANALYSIS
Brookfield Viscometer


The Brookfield Viscometer manufacturer claims in this viscometer’s manual that the viscosities determined by this device “…are guaranteed to be accurate within 1%... [and the]…readings should be reproducible within 0.2%...subject to variations in fluid temperature, etc.”2.  From Appendix Table 2, the range of % accuracy for the sucrose solutions tested is -6.5 % to 26.5%.  Also from this table, the precision (% standard deviation) range is 0.0145% to 22.04%.  The experimentally determined accuracy and precision was found to be outside of the 1% accuracy range and 0.2% precision range as specified by the manufacturer. 


From Figure 4, the data shows a decreasing trend in % difference towards the X-Axis (0% difference).  In the 55-60% sucrose solution range, the data in Figure 4 begins to increase.  However, the % difference of these solutions falls within the 95% confidence interval for the data and thus can be considered to be representative of the solutions’ viscosities.   The trends in Figure 4 can be explained by observations made in Figure 5.  In Figure 5, the 5, 10 and 15 % sucrose solutions (the solutions with low viscosity) not only have the greatest inaccuracy and precision, but also have % maximum torques of less than 10%.  From “Measurement of Rheological Parameters”4, % maximum torque below 10% corresponds to a possible percent error of 10-100% error.  This explains the large percent differences and 95% confidence intervals observed for the 5, 10 and 20 % sucrose solutions, for which the % maximum torque did not exceed 10% for any spindle speed.  Also, this explains the smaller percent differences and 95% confidence intervals for the remaining sucrose solutions.  As % maximum torque approaches 10%, the % error goes to 1%.  This can be seen in Figure 5.  As % maximum torque increases with increasing % sucrose solution the percent difference between the experimental viscosities and the literature values remains approximately in a range of ±5%.  For the 5, 10, and 20% solutions, which have lower viscosities than the other sucrose solutions, a % maximum torque above 10% could not be attained as the Brookfield was programmed with a maximum spindle speed of 200 rpm.  Even at this speed, these low sucrose solutions did not exceed 10% maximum torque.  Thus, a more accurate viscosity with a larger percent reproducibility could not be obtained.

Capillary Viscometer

The Cannon-Fenske Routine Viscometer series claims to have ±0.3% total uncertainty for Capillary viscometers with constants of up to 3 cSt/s (sizes 25-450).  Figure 6 shows the % deviations of the experimental viscosities from the literature viscosities for the corresponding % sucrose solutions.  The Capillary (200) data shows all positive deviations, ranging from 2.5% to 24%.  The Capillary (Varying Sizes) data ranges in deviation from -3% to +4%. The Capillary (Varying Sizes) data set also has all literature values at all points except 5 and 10% sucrose solutions within the superposition error of the sucrose solutions.  Although neither data sets hold all points within the manufacturer’s uncertainty range, this general disparity in deviations between the two data sets suggests that, indeed, the manufacturer-recommended viscosity ranges for each Capillary viscometer size are accurate guides for determining which size to use for a given viscosity.  Size 200 Capillary viscometers are designed to accurately measure solutions with viscosities in the range of 20 to 100 cSt.  Only the 60% solution is within this range (26.3953 cSt ± 1%).  Among the other sizes used in the Varying Sizes data set, all viscosities were tested on viscometers of a size that included the viscosity it the manufacturer’s recommended range, however, due to limited resources (i.e. not all viscometer sizes were available), some solutions were tested on viscometers which included the solutions viscosity in the skirt of its range.  Cannon-Fenske viscometer manufacturers suggest that the viscosity of the test solution be within the center of the range of the viscometer size used.  Regardless, by and large, the error in the viscosity of our solutions due to concentration and temperature errors is much greater than the viscometer’s uncertainty.  More accurate solutions should be made and more precise temperature values should be adhered to.  Also, the uncertainty in the literature values we are using (1% at any given concentration and temperature) is greater than the uncertainty in the manufacturer-specified uncertainty for the Capillary viscometers (0.3%).

In Figures 4 and 6, similar trends are shown for Capillary and Brookfield results.  Whether these trends are due to common factors or are coincidental due to different factors for each viscometer is not clear, specifically, for the trends of increased deviations from 55 to 60% sucrose solutions.  Multiple possible explanations for this trend were considered, however, none seem logical.  One possible explanation is that the higher viscosity sucrose solutions did not fully dissolve.  Thus, the presence of granular sucrose in solution could lead to a sharply increased viscosity measurement.  This is unlikely considering solubility limits of sucrose in the temperature range 0oC to 40oC (64.5% to 70.0% sucrose by mass).  Thus, unless there was a kinetic factor involved in the solubility of the sucrose, thermodynamically, all the sucrose should have been completely dissolved.  Another considered explanation is the presence gas in the solutions.  This would result in a heterogeneous solution which may have a higher viscosity.  This is based off the assumption that a more viscous solution can hold gases more easily.

Based on Figures 4 and 6, the Capillary viscometers are more accurate than the Brookfield.  The Brookfield, as is (with the given spindle diameter), does not provide accurate and precise data below 30% sucrose solutions.  When varying Capillary viscometer sizes the deviation from literature values is never greater than 4%.
CONCLUSIONS
1. The Brookfield Viscometer should be used for viscosities which yield greater than 10% maximum torque to obtain accurate and reproducible results.  From the experimental data, the minimum viscosity to test using the Brookfield corresponds to the 30% sucrose solution, which has a literature viscosity of 2.407 cP.

2. The recommended viscosity ranges for each Capillary viscometer should be strictly followed.  The closer the viscosity tested is to the center of the viscometer’s recommended viscosity range, the more accurate the results will be.  Further, experimentation with a more complete set of viscometer sizes is required to support this claim with statistically significant results.
3. More accurate solutions should be made and more precise temperature values should be adhered to in order to make the limiting uncertainty the machines rather than the solutions.
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APPENDIX

Table 1: Calculations of % Standard Deviation

	Concentration (%)
	% error Viscosity (cP) Ind. Temp.
	% error Viscosity (cP) Ind. Conc.
	Superposition Error

	5
	-0.015034263
	-1.08%
	1.85%

	10
	-0.016657812
	-1.12%
	2.01%

	15
	-0.01856017
	-1.18%
	2.20%

	20
	-0.020809272
	-1.24%
	2.42%

	25
	-0.02349516
	-1.32%
	2.69%

	30
	-0.026739259
	-1.41%
	3.02%

	35
	-0.030708547
	-1.52%
	3.43%

	40
	-0.035637836
	-1.66%
	3.93%

	45
	-0.041865976
	-1.83%
	4.57%

	50
	-0.049896964
	-2.05%
	5.39%

	55
	-0.060507824
	-2.31%
	6.48%

	60
	-0.074949584
	-2.65%
	7.95%


Figure 1: % Max. Torque from Brookfield vs. % Sucrose in Solution at 30oC
This figure demonstrates the trend that as the % sucrose in solution increased, and thus the viscosity increased, the % maximum torque attained by the Brookfield increased.  This graph complements the % Difference between experimental and literature viscosities vs. % max. torque.
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Table 2: Summation of literature viscosities (obtained from reference 1), viscosity data collected through experimentation, % standard deviation (precision), % difference between experimental and literature viscosities (% accuracy) and superposition of error.
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density

1.015

1.035

1.078

1.123

1.172

1.198

1.225

1.253

1.258

1.27

1.282

lit val (cP)

0.887246

1.038918

1.505526

2.406807

4.439724

6.505006

10.20939

17.51752

19.7717

25.575

33.83878

lit val (cSt)

0.874134

1.003786

1.396592

2.143194

3.78816

5.429888

8.3342

13.98046

15.71677

20.1378

26.3953

BROOKFIELD

5%

10%

20%

30%

40%

45%

50%

55%

56%

58%

60%

avg viscosity (cSt)

1.106307

1.165079

1.525974

2.180667

3.785044

5.214942

7.895627

13.07434

14.82512

20.76488

27.01137

avg viscosity (cP)

1.122902

1.205857

1.645

2.448889

4.436072

6.247501

9.672143

16.38215

18.65

26.3714

34.62857

%stdev

22.04

9.55

6.46

0.156634

0.67

0.56

0.39

0.72

0.014473

0.0313

0.63

% accuracy

26.5603

16.06849

9.264123

1.74848

-0.08226

-3.95858

-5.26233

-6.48133

-5.67326

3.113978

2.333994

SPE

0.028189

0.030242

0.035679

0.043573

0.055423

0.063671

0.074242

0.088105

0.091395

0.098612

0.106811

SPE*100%

2.81887

3.024212

3.567917

4.357304

5.542268

6.367103

7.424237

8.810522

9.139476

9.861194

10.68106

SPE*n

0.031653

0.036468

0.058692

0.106706

0.245859

0.397785

0.718083

1.443353

1.704512

2.600535

3.698697

CAPILLARY

5%

10%

20%

30%

40%

45%

50%

55%

60%

average time (s)

227.3833

259.3633

353.6933

256.9127

445.6867

639.5733

529.0667

860.8933

761.2367

avg viscosity (cSt)

0.909533

1.037453

1.414773

2.055302

3.565494

5.116586

7.936001

12.9134

26.64328

avg viscosity (cP)

0.923176

1.073764

1.525126

2.308104

4.178758

6.129671

9.721601

16.18049

34.15669

%stdev

0.303304

0.258478

0.043465

0.157707

0.37188

0.054664

0.183511

0.257548

0.176002

% accuracy

4.049596

3.354043

1.301826

-4.10099

-5.87796

-5.76995

-4.7779

-7.63251

0.939501

SPE

0.028189

0.030242

0.035679

0.043573

0.055423

0.063671

0.074242

0.088105

0.106811

SPE*100%

2.81887

3.024212

3.567917

4.357304

5.542268

6.367103

7.424237

8.810522

10.68106

SPE*n

0.026023

0.032473

0.054415

0.100571

0.231598

0.390282

0.721755

1.425586

3.648296

Capillary size

50

50

50

75

75

75

100

100

150

capillary constant (cSt/s)

0.004

0.004

0.004

0.008

0.008

0.008

0.015

0.015

0.035
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