
UNIVERSITY OF MINNESOTA 

ST. ANTHONY FALLS HYDRAULIC LABORATORY 

Project Report No. 84 

Experimental Investigation of 
Taylor Instability Using Non-Newtonian 

Fluids 

by 
C. S. SONG 

and 
F. Y. TSAI 

Distribution of this Document is Unlimited 

Prepared for 
DAVID TAYLOR MODEL BASIN 

Department of the Navy 
Washington, D.C. 

under 
Bureau of Ships General Hydromechanics Research Program. 

S·R009·01·01 
Office of Naval Research Contract Nonr 710(62) 

June 1966 
Minneapolis, Minnesota 



Reproduction in whole or in part is permitted 

for any purpose of the United States Government 



ABS~RACT 

The critical Taylor numbers for five different non-Newtonian 

solutio~s were determined experimentally by visual observation using 

the hydrogen bUbble techniqu~. Although three different gap sizes 

were used, only the data for the smallest size can b~ considered 

satisfactorily acourate. Smaller hydrogen bubbles than those used 

in this experiment are necessary for more aocurate determination. 

Contrary to a finding by others, the present experiment indicates 

that the critical Taylor number is decreased as the concentration 

is increased. 

The shear on the outer cylinder due to rotation of the inner 

cylinder was also measured for an intermediate range of Reynolds 

number, i.e. laminar flow at superoritical Taylor number. Sub

stantial reductions of frictional drag coefficient Were achieved at 

higher additive concentrations When the comparison was based on 

equal Reynolds numbE;l!'. 
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EXPERIMENTAL INVESTIGATION OF 

TAYLOR INSTABILITY ~ NON-NEWTONIAN FLUIDS 

I. INTRODUCTION 

* It was first shown by Toms [lJ and later confirmed by other investi-

gators [2,3,4J that the shear resistance in turbulent flows of some dilute 

solutions of certain macro-molecular compounds may be much less than that of 

the solvent at similar flow conditions. It is also known that when such 

solutions are injected into a turbulent boundary layer of a torpedo, the skin 

friction coefficient maybe reduced [5J. Recently Shin [6J conducted similar 
experiments using two ooncentric cylinders. Certain polymer solutions were 

placed in the annulus between the cylinders and one of the cylinders was 

rotated while the other was kept stationary. SUbstantial drag reduction in 

the turbulent flow regime was observed within a certain range of concentrations. 

Papers attempting to explain the shear reduction phenomenon are also appear-

ing at a rapid rate. A quite comprehensive list of references of the related 
• 

subjects may be found in Reference [6J. It appears that there is general 

agreement that the phenomenon is attributable to the pseudoplastic property 

or the viscoelastic property of the non-Newtonian fluids concerned. 

Several investigators have also studied the effect of non-Newtonian 

properties on the stability of Couette flow between rotating cylinders. The 

results of such studies have sometimes been conflicting. It was discovered 

by Taylor [7J that the Couette flow of a Ne~~onian fluid became unstable and 

a secondary flow, later named Taylor vortex, appeared when the inner cylinder 

rotated at or above a critical speed. The theory has been extended by 

Chandrasekhar [8J and others [9,10J to cover wider ranges of variables than 

those originally considered by Taylor. Most of these theoretical works have 

also been experimentally confirmed by Taylor [7J and many other investigators 

including Donnelly and FUltz [11,12J. Several investigators have ·also studied, 

analytically, the effects of non-Newtonian properties on the stability of 

Couette flow between rotating cylinders [13,14,15J. Although substantial ef

fects of some rheological properties on the stability of Couette flow have 

been predicted, in most instances the theoretical results are sometimes con

flicting. The stability of Couette flow of several polymer solutions was 

* Numbers in brackets refer to the List of References on page 9. 
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measured by Merrill et al [161 by determining the deflection point in the rate 

of strain-shear relation in a cylinder system· with an ext~emely narrow gap at 

high rates of strain. Their data were scattered and did not point to signifi

cant changes from Newtonian behavior. 

The 'purpose of the experimental work reported herein was to measure 

the critical Taylor number and the shear force associated with the Taylor 

vortices usihg several non-Newtonian fluids known to have shear reduction 

capability in turbulent flows. Three different gap sizes were used. The in

ception of Taylor vortices was made visible by means of hydrogen bubbles. The 

experimenta~ data indicated that the critical Taylor number was reduced as the 

concentration of the non-Newtonian additives increased. This finding contra

dicts a recent experimental result by Rubin and Elata [17J which came to our 

attention after our experiment was terminated. They used dye for flow visual

ization and determined the critical speed by observing the ·formation of stripes. 

The present experiments indicate that the additives tend to increase the total 

shear force when compared at constant rotational speed but to decrease the 

frictional drag coefficient when compared at equal Reynolds number. 

This research work was supported by the David Taylor Model Basin, U.S. 

Department of the Navy under terms of Contract Nonr 710(62). The authors 

gratefully acknowledge the technical assistance of Mr. Kenneth Keh~Ya Chen 

and the editorial assistance of Mrs. Marjorie Olson; 

II. EXPERIMENTAL FACILITIES AND PROCEDURES 

An overall view of the apparatus is shown in Fig. 1. The inner cylin

der (labeled 1 in the photograph) has a shaft which is bearing-supported at 

two ends in the vertical direction. It may be rotated at a controlled speed 

ranging from 0 to 400 rpm. The rotational speed is regulated by using a com

bination of pullies and a variable-speed hydraulic transmission. The outer 

cylinder (labeled 2) 'made of a lucite tube is suspended from the top by a 

piano wire which is also used as a torsion sensing device. Lateral supports 

are also provided to the outer cylinder by means of struts as shown 2-n Fig. 2 

to prevent lateral motion. Both cylinders are secured inside a lucite box 

(labeled 5). The purpose of the box is to submerge the cylinders in fluid, 

thus eliminating the problem of sealing and reducing friction. The square 

reservoir also served to minimize the optical distortion. Care was also' taken 



to minimize the transmission of vibrations to the fluid from the motor and 

other external sources. 

The cylinders may readily be disassembled and replaced by different 

diameter oylinders. Three inner oylinders of different diameter were used 

to provide three different gaps whioh were measured to be 0.162 in., 0.658 

in., and 1.180 inohes. In the remainder of this report, these gaps are re~ 

ferred to as small, medium, and large gaps respectively. All oylinders are 

36 in. long and the test fluid can be filled to any desired depth less than 

36 inohes. Pertinent dimensions of the oy1inders are shown in Table I. 

TABLE I 

Dimensions of Cylinders 

Inner Radius 2d 

3 

Cylinder in Gap d:=R2_R1 d/R1 R2/R1 R1+R2 No. Inohes 

1 2.980 0.162 0.054 1.054 0.053 

2 2.484 0.6;)8 0.265 1.265 0.234 

3 1.962 1.180 0.601 1.601 0.462 

The radius of the outer oylinder, R2, is 3.142 inohes. 

A total of five maoro-molecular additives known to have drag.reduotion 

oapabi1ity and which also produoe transparent solutions were selected for the 

experiment. Names, manufaoturers, and molecular weights of the additives are 

listed in Table II. 

Name 

CMC-7HSCP 

ET_597 

Po1yox WSR301 

Reten-205 MX 

Separan-NP20 

TABLE II 

Non-Newtonian Additives 

Chemical Identification 

Sodium 
oarboxymethyloellulose 

Sulfonated polyvinyl 
toluene 

Polyethylene oxide 

Cationic polymer 

Non-ionic polyacrylamide 

Manufacturer 

Hercules Powder 
Co. 

Dow Chemioa1 

Union Carbide 

Hercules Powder Co. 

Dow Chemical 

Molecular 
Weight 

Given by 
Manufacturer 

5 - 50 x 104 

8 x 106 

4 - 5 x 106 
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Viscosity of the solutions was measured by a blowdown capillary tube viscom

eter [18J. The measured shear and the rate of deformation for the five solu

tions at 0.1 per cent concentration for a range of moderate shear rates are 

shown in Fig. 3. Accurate viscosity measurement can be performed only at 

relatively high shear rates compared with those actually occurring in the 

experiments. Viscosity of dilute solutions at low shear rates was estimated 

by linear extrapolation. Since it is known that some of the solutions may 

degrade under shear, no mechanical mixing was used for preparing the solutions 

and fresh solution was used for each test run. 

After a solution was carefully placed in the annulus and the rese-rvo±r~,-----

the inner cylinder was rotated, with gradually increasing speed, until the 

Taylor vortices were first observed. Torque transmitted to the outer cylinder 

was also measured by the deflection of the torsion wire. The rotational 

speed was further increased while the changes in flow pattern were observed 

and the torque measured. The Taylor vortices were made visible by hydrogen 

bubbles generated by a No. 32 (8 mils diameter) copper wire serving as the 

cathode of a two-electrode system. The cathode was placed verticaily in the 

annulus near the outer cylinder and the anode was placed in the reservoir. A 

D.C. electric power source of controll~ble potential, ranging from 0 to 300 

volts, was used to generate a suitable number of small bubbles. The predominant 

size of the hydrogen bubbles depen~ed not only on the wire diameter but also 

on the applied voltage. In general, the bubbles generated by the No. 32 wire 

were quite large and had appreciable rise speed. For this reason the hydrogen 

bubble technique tended to indicate somewhat higher critical rotational speed, 

especially when the critical rotational speed was not much greater than the 

bubble rise velocity. As was mentioned before, tho torque was measured by 

reading the angular deformation of the suspension wire. In order to minimize 

the error on torque measurement due to friction, the lateral supporting struts 

were retracted before readings were taken. When the supporting struts were 

retracted the outer cylinder often oscillated violently and considerable dif-

ficulty in torque measurement was experienced. 

III. EXPERIMENTAL RESULTS 

When the inner cylinder was rotated at a subcritical speed, the hydrogen 

bubbles moved upward with appreciable rise speed. When the rotational speed 

was gradually increased and the Taylor vortices were developed the bubbles 
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would suddenly indicate spiral motions. Once a bubble was set into the spiral 

motion, it seemed to remain in the same vortex cell. Taylor vortices made 

visible by this technique are illustrated in Fig. 4 for a medium gap (camera 

focused on the gap, exposure time 1/10 sec), The rectangular vortex cells 

shown in this photograph are similartb those observed by Donnelly and· Fultz 

[12J using a dye injection technique. In addition to showing rectangular vor

tex cells the traces of the bubbles in the photographs also indicate the 

strength of circulation. Much the same flow patterns were observed with the 

other two gaps at slightly supercritical rotational speed. 

When the rotational speed was further increased the circulation also 

seemed to increase and the bubbles were observed to migrate toward the inner 

wall and to form a series of stripes. The process of migration could be 

clearly observed in the medium gap. Figure 5 shows the stripes on the wall 

of the inner cylinder shortly after hydrogen bubbles were introduced, and 

Fig. 6 shows that the stripes have grown after a longer period of time. To 

describe the process of bubble migration attention is called to the sketch 

shown in Fig. 7. The rotation vector of the inner cylinder and the vectors 

of the Taylor vortices (ring vortices) are shown as solid lines. The dotted 

lines shown in the sketch are the intersection lines on the wall of the inner 

cylinder made by the planes of vortex rings. In a range of moderately high 

supercritical speed, bubbles first,migrated to lines denoted a and c. As 

more bubbles accumulated on the inner cylinder they gradually moved in the 

direction of the lines band d. Eventually, the areas between a,b and c,d 

would be covered by bubbles. The details of the bubble migration in the small 

gap were not easily observed. The process seemed to take place at lower ro

tational speed for smaller gaps than for larger gaps. Figure 8 shows the 

appearance of stripes in the small gap. The migration of bubbles in a Taylor 

vortex similar to that described above was also reported by Appel [19J. 

The spacing of the vortices was measured by counting the number of 

vortices between two points as far apart as possible. Sparrow et al [9J pre

dicted that for Newtonian fluids the dimensionless spacing £/d varies from 

one to slightly less than one when the ratio Rl /R2 is changed from 0.95 

to 0.10. Here 

£ = spacing between two neighboring vortices, 

d = gap, 
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Rl = radius of inner cylinder, and 

R2 = radius of outer cylinder. 

The experimental data seem to confirm the prediction that ~/d decreases as 

the ratio Rl /R2 is decreased although it was noted that, contrary to the 

prediction, ~ was generally slightly larger than d in the small and medium 

gaps; the measured ~/d in the medium gap ranged from 1.02 to 1.20. The 

experimental data available at present are insufficient to determine the cause 

of the variation of the measured vortex size. It appeared that the vortex 

size was not influenced by the length of the fluid column. It was observed 

------'th-a-t-eha-ng-:i:-ng-the--vo-lume-u:f.'-chEi ces t;-.r-:ta:ld J..n the gap resulted only in chang

ing the sizes of the first vortex next to the free surface and the last vortex 

next to the bottom. Furthermore, Rubin and Elata [17J stated that all three 

additives they tested, polyethylene oxide, polyacrylamide, and guar-gum had 

no effect on the vortex siz e. 

The minimum rotational speed at which the Taylor vortices could be de

tected by the spiral motions of hydrogen bubbles for each solution in each gap 

was measured. The results are shown in Figs. 9, 10, and 11. These figures 

indicate that, for all additives and gap sizes, the "critical speed" increases 

as the concentration is increased. Since viscosity also increases as the 

concentration is increased, Figs. 9, 10, and 11 do not necessarily indicate 

that the non-Newtonian additives stabilize the flow. Indeed, the critical 

Taylor number is shown (Figs. 12, 13, and 14) to decrease as the concentration 

is increased. The Taylor number, T, is defined as follows: 

where Q is the rotational speed and v is the kinematic viscosity at low 

shear rate defined by the Newtonian relationship. According to Taylor's theory 

the critical Taylor number of a Newtonian fluid for a very small gap is equal 

to 41.1. This value agrees very well with the experimental data for small 

gap with zero concentration. Critical Taylor numbers for the medium and large 

gap cases as indicated in Figs. 13 and 14 reveal that the experimental data 

do not agree with the predicted values of Sparrow et al [9J. The discrepancies 

are probably due to the fact that the rise velocity of the bubbles becomes sig

nificant as the critical rotational speed decreases. 
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for the medium and large gaps. For this reason only the data for the small 

gap should be considered reliable. Although it should be possible to gener

ate smaller bubbles to make accurate measurement for all gaps, it was not 

possible to do so under the present contract due to lack of sufficient time 

and funds. 

Comparison of the present data (Fig. 12) with the data reported by 

Rubin and Elata [17J reveals a major disagreement in the effect of additives 

on the critical Taylor number. While Rubin and Elata indicated that the 

critical Taylor number increases monotonically as the concentration of polyox 

solution is increased, the present data show an opposite trend. Without 

further investigation, it can only be. speculated why there is such a large 

difference. From the information presented in the Rubin and Elata paper, it 

is not certain if the. definitions of the critical speeq for the two experiments 

are the same. However, the effect of bubble size is one factor which cannot 

be ruled out as a possible source of error for the larger gaps. 

The present experiments also reveal that there is a substantial reduc

tion in the frictional drag coefficient when the macro-molecular chemicals are 

added to water. It is also significant that the inverse functional relation

ship between the drag coefficient and the Reynolds number [Eq. (4)J is approx

imately maintained for all the sblutions tested. However, this conclusion 

should be regarded as tentative because the accuracy of the shear measurement 

is somewhat doubtfui. The main difficulty encountered in the shear, or torque, 

measurement was the oscillation of the outer cylinder when lateral supports 

~ere-removed~---This oscillation appeared to be a hydroelastic phenomenon which 

may have been aggravagated by the initial eccentricity and the imperfect round

ness of the cylinders. In order to stop this oscillation, very often one of 

the lateral supporting struts had to touch the outer cylinder and an unknown 

amount of frictional force was thus applied. In any future experiments a 

better lateral support should be provided. 
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1. Inner cyl inder (rotating) 

2. Outer cylinder (stationary) 

3. VerHcal supporting wire (also 
used as torsional flexure) 

4. Torque indical'or 

5. Pressure equil ibration chamber 

6. Driving shaft 

7. Hydraul i c transmissi on 

8. 1/2 hp, 1275 rpm, A.C. motor 

9. Supporting frame 

10. Lateral support for outer 
cylinder 

Fig. 1 - Overall View of Concentric Rotating Cylinder Apparatus 
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Figo 2 - Cross-Section Sketch of the Apparatus 



2t--

o - Tube diameter, 0.0045 ft 

v - Average velocity, ft/sec 

~ P - Pressure drop, Ib force/sq ft 

L - Tube length, ft 

Temp _70° F 

10 ° I ~=--r--i-T=r~===t= 
:t- I N I I a:! ~ 

" 4 I 
..0 I 1 

, I 
r ! 
I I 

a..l~ II ! <I . I 

0" 21 i 
. I ~ 

_I I 
10 .1 

I 

6!. /A. /1" I ,00.f'Vl/Y -V . I r . / Y i ! I 
4, ./ , . 

/ ~ i, I /1 11//. I ,/,/ /~_/ I' 
,/ I 9/ ! I 

2Y- I / 

I. 

2. 

3. 

4. 

5. 

6. 

~ 

o 
\l 

o 
• 
o 

ewe 7 HSCP 

Dow ET 597 

Separan NP 20 

Polyox 301 

Reten 205 MX 

Solvent Water 

Fig. 3 - Shear-Rate of Deformation Relationship at 001 Per Cent Concentration 

~-L-

~ 
\Jt 



16 

Fig. 4 - Photograph of Taylor Vortices - Medium Gap at SI ightly Supercritical 
Speed 
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· . 
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Fig. 5 - Migration of Bubbles in Medium Gap at Early Stage 
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Figo 6 - Migration of Bubbles in Medium Gap at Later Stage 
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Fig. 8 - Migration of Bubbles in Small Gap 
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Fig. 9 - Critical Rotational Speed in Small Gap 
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