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I. Executive Summary 

This collaborative research project had a nuluber of major objectives which were met: 

1. In order to utilize surfactant drag reducing additives in district heating systems, the 

relationships among cationic surfactant cheiiiical structures, counterion chemical structures, 

their concentrations and their molar ratios on micellar size and shape (microstructure), 

rheology and drag reducing effectiveness (percent reduction and effective temperature range) 

must be known. Experimental studies at the Czech Academy of Sciences and at Ohio State 

University have clarified the relationships. We have also examined non-ionic and 

.zwitterionic/a~ionic surfactants. Nine papers on the results "nave been published or accepted 

in archival journals, fourteen in Proceedings of International Conferences and twenty paper 

presentations have been made at national and international conferences. 

2. As part of the studies of drag reduction mechanisms and drag reduction effectiveness, two 

surprising results were obtained. We recognized that data on some of our systems lay well 

below (higher drag reduction) the maxiinuni drag reduction asymptote proposed by Virk for 

high polymers nearly 30 years ago"'. The new asymptote extended maximum drag reduction 

limits to over 90%. Mean turbulent velocity profiles with limiting slopes twice that proposed 

by Virk"' for high polymers were discovered. These remarkable results, as well as 

differences in details of statistical turbulence phenomena, imply differences in the 

mechanisms of drag reduction by surfactants vs. high polymers, a concept that we-were the 

first to propose. 
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3. Heat transfer data were obtained on a cationic surfactant system and a zwitterioniclanionic 

system. A novel heat exchanger tube design (fluted tubes) which minimizes the adverse heat 

transfer reduction effect of drag reducting surfactant systems was demonstrated. The greater 

effectiveness of plate heat exchangers vs. tube-in-tube heat exchangers was also 

demonstrated 

4. A successful field test of Noechst's Habon G cationic surfactant additive was carried out in 

the secondary system of a 250-flat district heating system in Kladno-Krocehlavy (near 

Prague) during the winter of 1993-94. Reduction in energy losses of about one third were 

obtained. Unfortunately, Hoechst was not able to obtain environmental approval of this 

additive in Denmark and Germany because of its relatively slow rate of biodegradation and 

they abandoned further development work on it. Recently, Akzo Nobel developed a 

zwitterionic/anionic surfactant product wich biodegrades rapidly. It has recently been 

approved for use in district heating systems in Dennlark. A field test of this additive in a 
. . . . . - . . . . . .. .~ . ~ . 

building at the Institute of Hydrodynamics of the Czech Academy of Sciences is planned for 

winter 2000-2001 and we will continue to collaborate on the field test. 

5. Improved infrastructure, particularly computers, computer software (FLUENT), turbulence 

measurement equipment, and rheologica1.equipment for the Czech investigators have come 

from funds from this project. Three junior Czech scientists spent 3-4 months each at Ohio 

State working on the project. The co-PI'S Dr. Myska (2 weeks) and Professor Pollert (one 

week) also worked on the project at Ohio State. They and other Czech colleagues gained 

exposure by attending international meetings in the U.S.(2), Italy(l), Spain(l), United 

Kingdom(]), Slovenia(l), Israel(1) and Czech Republic(2) to present papers on research 

completed under this project. A major conference on Drag Reduction was held in Prague in 

September 13-15, 1999. Professor Pollert chaired the conference and Dr. Chara, a 

collaborator from the Institute of Hydrodynamics. was Organizing Chair. The senior Czech 

collaborators from both the Czech Techn~cal Un~vers~ty and from the Institute of 
- 
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I-Iydrodynamics (Professor Pollert , Dr. Myslta, and Dr. Chara) are now recognized 

internationally for their research on surfactant drag reduction. 

11. Research Objectives 

The goals of the project were to study the effects of surfactant chemical structure, 

counterion chemical structure, their concentrations and ratios on drag reduction effectiveness, to 

investigate the mechanism of surfactant drag reduction, to develop techniques to reduce the 
0. 

adverse effect drag reducing systems have on heat transfer, to demonstrate by a field test that drag 

reducing surfactants could successfully reduce energy requirements in district heating systems 

and to improve the infrastructure, experimental, and computational capabilites of Czech scientists 

at the Czech Technical University and the Institute of Hydrodynamics of the Czech Academy of 

Sciences, to assist senior scientists in taking active roles in the international research community 
. . .- . .  ~. -. . . , . - . .. 

a i d  to train junior scientists in modem research techniques by several month studies at Ohio 

State. The project was supported by grants from the Czech government to both the Czech 

Technical University and the Institute of Hydrodynanlics, and from the International Energy 

Association, the U.S. Department of Energy, the American Chemical Society-Petroleum Research 

Fund, and The Ohio State University to Prof. Zakin. 

A list of the Proceedings and archival journal publications resulting from this research is 

given in Section V. Each publication contains relevant pertinent literature references and reprints 

are attached. 



111. Methods and Results 

Measurements of the following quantities we!-e made in laboratory experiments: 

1. Percent reductions in turbulent friction factors as a function of solvent Reynolds numbers 

over a range of temperatures and in tubes of different diameters for different surfactant 

solutions. These meaurernents were made in  tube test sections in recirculation systems. 

2 .  Percent reductions in heat transfer coefficients in tube-tube and plate heat exchangers for 

several different surfactant solutions. These measurements were made in recirculation 

systems. 

3. ~urbulence and velocity profile measurements were made in a 40 mm diameter flow loop 

using Dantec LDV equipment. 

\ 4. Rheology behaviors of different surfactant solutions were measured over ranges of 

1 temperatures. These included shear velocity, first normal stress differences (N,), dynamic 

I . . .. . .. . 

I viscosities, apparent extensional viscosities, and flow bisefringence. These measurements 

i 
I were made in Couette and cone-and-plate rheometers and in an opposing nozzle 

extensional viscometer and in a Couette flow birefringence cell. 

5.  Micellar sizes were obtained by dynakic light scattering and microstructures by cryogenic 

Transmission Electron Microscope (cryo-TEM) imaging. 

6 .  A field test in the secondary system of a small district heating system with about 250 flats 

measured the reduction in energy requirements, the make-up of surfactant required, and the 

effective life of the surfactant additive. 

Major Scientific Findings: 

1. The chemical structure of cationic surfactants and of their counterions, their concentrations 

and molar ratios affect turbulent drag reduct~on effectiveness, effective drag reduction 

temperature ranges, surfactant microstructure and rheological behavior. Effective 



surfactant drag reducing solutions generally had microstructures made up of networks of 

elongated threadlike micelles. 

2. Friction factors lower than the accepted Vil-I< asymptote valid for high polymer drag 

reducing additives were observed. A new asymptote for surfactant systems was proposed. 

In addition, the limiting steepness of u' vs. 111 y- velocity profiles were found to be twice as 

large as the limiting profile for polymer solutions proposed by  irk(". 

3. Turbulence intensities of surfactant solutions in the axial direction were similar in 

magnitude but of different shape than those of water. Radial and tangential intensities were 

much lower than those of water. 

4. Surfactant microstructures recovered after meclla~iical degradation in regions of high shear 

in times of the order, of seconds. The recovery times depend on the surfactants' chemical 

natures, microstructures, concentrations, and the molar ratios of counterion to surfactant. 

5 .  Heat transfer coefficients for surfactant drag reducing systems are reduced both in tube- 

tube and in plate heat exchangers, but by a much higher percentage in the former. This 

drawback to their use in district heating systems can be alleviated by use of fluted heat 

exchanger tubes. 

6 .  A field test using a cationic surfactant (Hahon G, manufactured by Hoechst AG) in the 

secondary system of a small district heating system of about 250 flats was successful. 

. . Energy requirements were reduced by a o11e thirdin this system and the solution, with 

make-up for leakage losses, was effective for at least one winter season after which the test 

had to be terminated. Unfortunately, Hoechst abandoned the product when environm&tal 

approval by Denmark was delayed because of its slow rate of biodegradation. 

7. A new additive from Akzo Nobel, which is made up of a mixture of zwitterionic and 

anionic surfactants, and which biodegrades fairly rapidly, has recently been approved by 

Denmark. Our laboratory tests indicate that it is a promising additiveand funds have been 

awarded by the Czech government for a field test at the Institute of Hydrodynamics next 
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winter. Design of the test conditions \\,ill be based on laborato~y test results obtained at the 

Institute of Nydrodynaniics and at Ohio State University. If this field test is successful, as 

expected, Akzo Nobel will collaborate in promoting the use of the drag reducing additive in 

commercial district heating systems in the Czech Republic and other eastern countries. 

IV. Impact 

The technical impacts are described in Section 111. The project has also had important 

impacts on engineers and scientists at the Institute of Hydrodynamics and at the Czech Technical 

University. The PI'S, Professor Pollert and Dr. Myska, both spent time at Ohio State and have 

also been able to attend a number of international nieetings at which they presented papers. Dr. 

Chara and Dr. Stem of the Institute of Hydrodyna~uics also presented papers at international 

.- meetings. Dr.. Chara, P..Komrzy and J. Pollert Jr., each spent-several months at Ohio Stateusing 

modem laboratory equipment and-computers and improving their English. Dr. Komrzy and Dr. 

Chara have completed their PhD's at the Czech Technical University and J. Pollert Jr. will 

complete his soon. (He was delayed as he had to serve in the Czech army for about one year.) 

In addition, to broadening the scientific exposure of these personnel, a computer, 

computer software including FLUENT and laboratol-y equipment for drag reduction, turbulence 

and rheology experiments were provided to PI-ofessor Pollert, Dr. Myska, Dr. Chara, and Dr. 

Stem from this grant. 

With their develop~ng reputations in the field of drag reduction, the European Working 

Party on Drag Reduction, selected Professor Pollert to be Chair of the 11' Biennial Meeting held 

in Prague, September 13-15,1999. Dr. Chara served as Vice-Chair and Program Director. The 

meeting was an excellent one with participants from European countries as well as Japan, Korea, 

and the U.S. I gave one of the Plenary Lectures with Dr. Myska as coauthor and described our 

important findings on the differences between polymer and surfactant drag reduction. Dr. Myska, 

Dr. Chara, and I each presented an additional paper (see Sector VII -Publications). 



V. Project Activities I Outputs 

Presentations at international conferences and publications in Proceedings of these 

conferences and in archival journals are listed below. The meetings attended are noted in the 

Proceedings (also see summary in I). Training is described in IV. 

Presentations 

Z. Chara, J.L. Zakin, M. Severa, J. Myska "Turbulence Measurements of Drag Reducing 

Surfactant Systems" at 13"' Biennial Turbulence Symposium, University of Missouri-Rolla, 1992. 

J. Pollert, P. Komrzy, A. Vozenilek, J.L. Zakin, "lntluence of Pipe Diameter and Temperature on 

Efficiency of Drag Reducing Surfactants," Academy of Sciences of the Czech Republic, Fluid 

Mechanics and Hydrodynamical Aspects of Biosphere, Castle Liblice, Sept. 20-21, 1993. 

J. Myska, M. Severa, J. Zakin, "LDA Investigation of Turbulent Characteristics of Drag 
. , - - .. . .. 

Reducing Surfactant Systems," Academy of Sciences of the Czech Republic, Fluid Mechanics 

and Hydrodynamical Aspects of Biosphere, Castle Liblice, Sept. 20-21, 1993. 

J.L. Zakin, L.C. Chou, B.C. Smith, B. Lu, "Molecular Variables Affecting Drag Reduction by 
, . 

Cationic surfactants," Academy of Sciences of the Czech Republic, Fluid Mechanics and 

Hydrodynamical Aspects of Biosphere, Castle Liblice, Sept. 20-21, 1993. 

J. Pollert, J. Zakin, J. Myska, P. Kratochvil, "Use of Friction Reducing Additives in District, 
. . 

Heating System Field Test at Kladno - Krocehlavy, Czech Republic," International District Heat 

and Cooling Association Annual Meeting, Seatle. June 1994. 

Z. Chara, J.L. Zakin, J. Myska, M. Severa, "The Effect of a Micellar Friction Reducing Additive 

on Turbulent Stmcture in a Pipe," Fifth European Turbulence Conference, Siena, Italy, July 1994. 



P. Stem, J. Myska, B. Lu, B.C. Sniith, L.C. Chou. .1.L. Zakin, "Relationship of Flow 

Birefringence and Normal Stresses of Cationic Sul-Pactant Systems to Their Turbulent Friction 

Reduction Characteristics," Fourth European Rlieology Congress, Seville, Sept. 4-9, 1994. 

J. Pollert, P. Komrzy and J. Pollert "Surfactant Drag Reducers for Reducing Energy Demands in 

District Heating Systems," New Requirements for Stl-uctures and Their Reliability, Prague, 1994. 

J. Myska, J.L. Zakin and Z. Chara, "Viscoelasticity of a Surfactant and Its Drag Reducing 

Ability," Euromech Colloquium on Drag Reduction, Ravello, Italy, April 19-21, 1995. 

J. Pollert, K. Svejkovsky, P. Komrzy and J.L. Zakin, "Flows of Surfactant Drag Reducers for 

Decreasing of Pumping Energy Demand in Distr-ict I-Ieating Systems," XXXIIth Congress of the 

International Association of Hydraulic Research, London, Sept. 11-15, 1995. 

I J. Myska, "SNIZENI T LAKOVYCH ZTRAT OTONPNYCH SOUSTAVACH, poster presented 
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i at Trade F a r  In Brno, Sept. 11-17,1995. 

J. Myska,, Z. Chara, M. Severa, B. Lu, J.L. Zak~n, "Turbulence Behavior of Highly Drag 

Reducing Surfactant Systems in Pipe Flow," Annual Meeting of American Institute of Chemical 
. . 

Engineers, Miami, Nov. 12-17, 1995. 

2. Chara, J.L. Zakin, J. Myska, M. Severa, "Turbulence Structures in a Pipe of Drag Reducing 

Cationic Surfactant Solutions," Eighth ~ e e r - ~ h e v a  International Symposium on MHD Flows and 

~hrbulence, Jerusalem, Israel, Feb. 25-29, 1996. 

J. Myska, J.L. Zakin, "Comparison of Flow Behaviol- of Polymeric and Cationic Surfactant Drag 

Reducers," ASME Fluids Engineering Division Syiiiosium on Turbulence Modification and Drag 

Reduction, San Diego, July 7-1 1, 1996. 



J. Pollert, P. Komrzy, K. Svejkovsky, J. Pollert, JI. .. 8. Lu, J.L. Zakin, "Drag Reduction and Heat 

Transfer of Cationic Surfactant Solut~ons," ASME Fluids Engineering Division Sysmposium on 

Turbulence Modification and Drag Reduction, Sali Diego, July 7-1 1, 1996. 

J.L. Zakin, J. Myska, Z. Lin, "Similarities and Differences in Drag Reduction Behavior of High 

Polymer and Surfactant Solutions," International Symposium on Seawater Drag Reduction, 

Newport, RI, July 22-24, 1998. 

J.L. Zakin, J. Myska, 2. Lin, "Some Surprising Behaviors of Surfactant Drag Reducing Systmes," 

1 lIh European Drag Reduction Working Meeting. Sept. 15-17, 1999, Prague - Plenary Lecture. 

Y. Qi, Y. Kawaguchi, Z. Lin, M. Ewing, R.N. Christensen, J.L. Zakin, "Enhancing Heat Transfer 

in Drag Reducing Surfactant Solutions," 11 "' Eurdpean Drag Reduction Working Party Meeting, 

Sept. 15-17, 1999, Prague. 

J. Myska, Z. Chara, "A Puzzle in the Invest~gatlon of Drag Reduction Caused by Construction of 

the Experimental Stand," 11"' European Drag Reduction Working Party Meeting, Sept. 15-17, 

1999, Prague. 

J. Myska, Z. Chara, "New View of Surfactant Dl-ag Reduction Ability," 11" European Drag 

Reduction Working Party Meeting, Sept. 15-17, 1999, Prague. 

Note: Underhned author presented the paper. 

Publications 

Z. Chara, J.L. Zakin, M. Severa, J. Myska, "Turbulence Measurements of Drag Reducing 

Surfactant Systems," Experiments in Fluids, 16, 36-41 (1993). 

J.L. Zakin, L.C. Chou, B.C. Smith, B. Lu, "Molecular Variables Affecting Drag Reduction by 

Cationic Surfactants," Proc. Int. Conf. On Fluid Mechanics and Hydrodynamical Aspects of 

Biosphere, Academy of Sciences of Czech Republic, Liblice, pp 20-25, September 1993. 
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Efficiency of Drag Reducing Surfactants," Proc Proc. lnt. Conf. On Fluid Mechanics and 

Hydrodynamical Aspects of Biosphere, Academy of Sciences of Czech Republic, Liblice, pp 61- 

67, September 1993. 

J. Myska, M. Severa, J.L. Zakin, "LDA Investigation of Turbulent Characteristics of Drag 

Reducing Surfactant Systems," Proc. Int. Conf. On Fluid Mechanics and Hydrodynamical 

Aspects of Biosphere, Academy of Sciences of Czech Republic, Liblice, pp 73-79, September 

1993. 

2. Chara, J. Myska, M. Severa, J.L. Zaltin, ""LDA Investigation of Turbulent Characteristics of 

Drag Reducing Surfactant Systems," J. Hydrol. Hydl.omech., 42, 141-150, 1994. 

J. Pollert, J.L. Zakin, J. Myska, P. Kratochvil, "Use of Friction Reducing Additives in District 

Heating System Field Test at Kladno - Krocehlavy, Czech Republic," Proc. International District 

Heat and Cooling Association Annual Meeting, Seatle, Vol85, 141-156, 1994. 

J. Pollert, P. Komrzy, J. Pollert Jr., " ~ukactant  Drag Reducers for Reducing Energy Demands in 

District Heating Systems," Proc. New Requirements for Structures and Their Reliability, pp. 171- 

176, Prague, 1994. 

P. Stem,J. Myska, B. Lu, B.C. Smith, L.C. Chou, J.L. Zakin, "Relationship ofFlow , 

Birefringence and Normal Stresses of Cationic Surfactant Systems to Their Turbulent Friction 

Reduction Characteristios," Proc. Fourth European Rheology Congress, pp. 605-608, Seville, 

Sept. 4-9, 1994. 

J. Myska and P. Stem, "Properties of a Drag Reducing Micelle System," Colloid and Polymer 

Science, 272,642-647, 1994. 
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of the International Association of Hydraulic Reseal-ch, London, Sept. 11-15, 1995 in Part 2: 

Industrial Hydraulics and Multi-Phase Flows, pp. I 152-1 158. 

J. Myska, Z. Chara, J.L. Zakin, "Viscoelasticity of a Surfactant and its Drag Reducing Ability," 

Appl. Sci Research, 55,297-310, 1996. 

J. Pollert, P. Komrzy, K. Svejkovsky, J. Pollert, Jr.. B. Lu, J.L. Zakin, "Drag Reduction and Heat 

Transfer of Cationic Surfactant Solutions," Proc. ASME Fluids Engineering Division Symposium 

on Turbulence Modification and Drag Reduction. ASME pub FED-vol237, pp. 3 1-36, 1996. 

J. Myska, J.L. Zakin, "Comparison of Flow Behavior of Polymeric and Cationic Surfactant Drag 

Reducers," Proc. Proc. ASME Fluids Engineering Division Symposium on Turbulence 

~odif icat ion and Drag Reduction, ASME pub FED-"01237, pp. 165-168; 1996. 

J.L. Zakin, J. Myska, 2. Chara, "New Limiting Drag Reduction and Velocity Profile Asymtotes 

for Polymeric Additive Systems," AlChE J., 42, 3544-3546, 1996. 

J. Myska, P. Stepanek, J.L. Zakin, "Micellar Size of Drag Reducing Cationic Surfactants," 

Colloid & Polymer Science, 275(3), 254-262, 1997. 

J. Myska, J.L. Zakin, "Difference in the Flow Behaviors of Polymeric and Cationic Surfactant 
. . -. 

.-.. 
Drag Reducing Additives," Ind. Eng. Chem. Research, 36,5483-5487, 1997. 

J. Myska, Z. Chara, J.L. Zakin, " Viscoelasticity of an Additive Used as a Drag Reducer in a 

District Heating System," J. Hydrol. Hydrornech, 45, 151-172, 1997. 

J.L. Zakin, J. Myska and Z. Lin, "Similarities and Differences in Drag Reduction Behavior of 

High Polymer and Surfactant Solutions," Proc. Int. Symposium on Seawater Drag Reduction, pp. 

277-280, Newport, RI, July 1998. 



J.L. Zakin, J. Myska, Z. Lin, "Sonle Surprising Ucha\~iors of Surfactant Drag Reduction 

Systmes," Proc. 11"' European Drag Reduction Worlting Paity Meeting, pp. 5, Prague, Czech 

Republic, September 15-17, 1999. 

Y. Qi, Y. Kawaguchi, 2. Lin, M. Ewing, R.N. C~I-istensen, J.L. Zakin, "Enhanced Heat Transfer 

of Drag Reducing Surfactant Solutions with Fluted Tube-in-Tube Heat Exchanger," Proc. 11"' 

European Drag Reduction Working Party Meeting, pp. 42, Prague, Czech Republic, September 

15-17, 1999. 

J. Myska and 2. Chara, "New View of Surfactant Drag Reduction Ability," 11"' European Drag 

Reduction Working Meeting, pp. 32-33, Prague, Czech Republic, September 15-17, 1999. 

J. Myska, Z. Chara, "A Puzzle in the Investigation of Drag Reduction Caused by Construction of 

the Experimental Staud," 11"' European Drag Reduction Working Meeting, pp. 34, Prague, Czech 
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Y. Qi, Y. Kawaguchi, 2. Lin, M. Ewing, R.N. Christensen, J.L. Zakin, "Enhancing Heat Transfer 

in Drag Reducing Surfactant Solutions," Int. J. Neat and Mass Transfer, in press. 

VI. Project Productivity 

I The Project's research, personal and infrastructure objectives are described in 11. All of 

the objectives were met. 

VII. Future Work 

Dr. Myska, Chara and I have submitted a Collaborative Linkage Grant proposal to NATO 

to continue collaborative research on improved drag reducing additives and their rheological 

behavior. The Institute of Hydrodynamics is funding another district heating field test in one of 
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their research buildings. The new Akzo Nobel zwitterionic/anionic drag reducing additive will be 

used in the test to be conducted in winter 2000-2001 

VIII. Literature Cited 

The publications resulting froin this project are listed in Section V-Publications. They 

contain a large number of cited papers. A specific paper cited in this report is: (1) P. Virk, "Drag 

Reduction Fundamentals," AIChE J, 21,625-656 ( I  975). 
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Abstract. LDA measurements were made of mean velocity 
and of turbulence intensity in a 39.4mm diameter tube, 
the first measurements in three directions on drag reducing 
surfactant solutions (0.05% and 0.1% Habon G). Drag 
reduction exceeded the predictions of the Virk maximum drag 
reduction asymptote and elastic sublayer mean velocity profiles 
are steeper than the profile proposed by Virk for maximum drag 
reducing asymptote solutions. Axial turbulence intensities for 
Habon G solutions are higher than those for water near the wall, 
lower in most of the outer region and about the same at the center. 
Tangential and radial turbulence intensities are lower than those for 
water. 

List of symbols 

D tube diameter 
f friction factor 
AP - 

I pressure gradient 

Re Reynolds number 
I distance from tube center 
R tube radius 
u',, u', and 
~ ' e  fluctuating velocity in the axial, radial and tangential 

directions 
US mean local axial velocity 
Urn,, mean velocity at tube center 
P bulk mean velocity 
U +  dimensionless velocity 
u* friction velocity 
x distance from the wall 
Y +  dimensionless distance from the wall 
P density 
6 thickness of wall laver 
tl viscosity 
ZW wall shear stress 
subscript s refers to surfactant solution flow 
subscript w refers to water flow 

A version of this paper was presented a t  the 13th Symposium on 
Turbulence, University of Missouri-Rolla, Sept. 21-23, 1992 

Correspondence to: J. L. Zakin 

1 Introduction 

Considerable research has been carried out on the 
influence of high polymers on drag reduction in 
turbulent flow in pipes. A major restriction on the 
use of polymer drag reducers is their susceptibility 
to mechanical degradation which limits their usefulness 
in circulation systems. Friction losses can also be 
significantly reduced by the use of certain cationic, 
anionic and non-ionic surfactants. Sufactant drag 
reducers are also degraded under high shear but quickly 
regain their drag reduction effectiveness when flowing 
in regions of low shear. Thus, they can be used in 
recirculation flows such as in district heating or district 
cooling systems. The great disadvantage of surfactants 
is their disposition to create rich foam, however when 
free surfaces are exposed. 

The surfactant additive which is  being widely con- 
sidered for use in district heating systems is Habon G, 
a product of the Hoechst company, which is designed for 
use at temperatures of 30 to 100°C. Accordingly a study of 
the turbulent flow characteristics of this surfactant has 
been undertaken. In this paper, LDA measurements of 
mean velocity profiles and of turbulence intensities in all 
three directions in pipe flow are reported for highly drag 
reducing solutions of this additive, the first turbulence 
measurements in all three directions on a drag reducing 
surfactant system. 

2 Experimental 

2.1 Hydraulic measurement stand 

The facility for LDA measurements of turbulent flow is 
shown in Fig. 1. Water is kept at a constant level in an 
overflow tank (3) by an over flow tube (4) which can be 
vertically shifted. The glass tube (8) of inner diameter 
39.4 mm is 5.80 m long. The test section is approximately 



Fig. 1. Hydraulic stand for LDA measurements with glass tube of 
39.4 mm inner diameter and schematic diagram of velocity compo- 
nents 

2 m long and it is provided with open manometers (10) for 
measuring pressure drops. A rectangular box (9) made of 
thin glass envelope the tube in the middle of the test 
section. The box is filled with water in order to suppress 
undesired reflections of the laser beams. Level gauge ( I I )  
connected with electric timer (12) is installed in a separate 
calming chamber of the collecting tank (1) in order to 
measure the rate of flow. Velocity fluctuations, u',, u', and 
u',, and mean local velocity, u,, could be measured. LDA 
measurements were made at a location 4.2 m downstream 
from the entrance of the tube section. 

2.2 LDA system 

The LDA optics are mounted together with the laser on 
a remote controlled xyz support. The Carl Zeiss Jena 
(FRG) ILA 120-1 Argon ion laser operates with a single 
wave length (A=488nm) at the fundamental mode 
TEM,. The laser beam enters the DISA (Denmark) 55 
L 83 beam splitter and Bragg cell section and is split into 
two parallel beams, one of which is frequency shifted by 
40 MHz. The laser beams are then directed by a mirror 
into the lens. The lens focuses the laser beams into a mu- 
tual intersection, which is the optical probe of the LDA. 
The actual length of the optical probe is 0.8 mm and the 
diameter is 0.3 mm. 

The differential Doppler signal is detected by the Dan- 
tec (Denmark) photomultiplier section 55 x 08 with PM 
optics 55 x 34 and transformed into an electrical signal for 
further electronic processing. The evaluation of the Dop- 
pler signal was performed by a Dantec Particle Dynamics 
Analyzer, which consists of the PDA signal processor and 
computer COMPAQ DESKPRO 386s. 

On this processor only six different bandwidths can be 
selected (0.12; 0.4; 1.2; 4; 12 and 36 MHz). For the longi- 

tudinal velocities (both in water and in Habon G solution) 
the effective range of - 1 to + 3  MHz was chosen and for 
cross fluctuation measurements the effective range from 
-0.3 to +0.9 MHz was used. 

2.3 Surfactant system 

The surfactant used was Habon G, a product of the 
Hoechst Company, FRG. The content of delivered mater- 
ial is 53.5% active surfactant, 10.2% isopropanol and 
36.3% water. Concentrations reported are the concentra- 
tions of active surfactant. The cation of the surfactant is 
hexadecyldimethyl hydtoxyethyl ammonium 

and the counter-ion is 3-hydroxy-2-naphthoate 

The surfactant molecules form large rod-shaped micelles 
which are effective in causing drag reduction (Bewersdorff 
and Ohlendorf 1988). 

The surfactant material is a dark brown liquid of high 
viscosity which is easily diluted and becomes an 
opalescent whitish liquid when dispersed in water. At 
concentrations above 0.1 -0.2% the solution loses its 
transparency when flowing in a 40 mm glass tube and so 
LDA measurements at concentrations above 0.1 % are not 
possible. The foam formed on the liquid surface is white, 
rich and dense. 

3 Results and discussion 

Habon G is a leading candidate for use as a drag reducer 
in district heating systems and was reported to be effective 
at temperatures of 30-100°C by Fankhanel (1991) and 
Althaus (1991). The data in Fig. 2 show that Habon G is 
also highly effective as a drag reducer at room temper- 
atures, i.e. 18-26°C. There is no difference in efficiency at 
concentrations of 0.107% and 0.053%. Drag reduction for 
the 0.053% and 0.107% solutions was greater than that 
predicted by the Virk (1975) maximum drag reduction 
asymptote or D.R.A.: 

APD Dip where f = - and Re = - 
21pti2 7 



Fig. 2. Drag reducing efficiency of Habon G solutions in Prandtl- 
Karman coordinates at room temperature 

Viscosities of the surfactant solutions after degradation by 
the centrifugal pump differ from water viscosity by less 
than 5%. 

At a concentration of 0.027%, however, the efficiency 
is greatly reduced at these low temperatures. In the turbu- 
lence measurements for the 0.053% and 0.107% solutions, 
drag reduction was 73% at the smallest Reynolds number 
and 84% at the greatest Reynolds number. 

Figures 3 and 4 show the velocity profiles obtained 
with water solutions of Habon G at concentrations of 
0.053% and 0.107% in comparison with velocity profiles 
of water. The plots show distribution of the mean local 
axial velocity, u,, normalized by the maximum velocity at 
the tube axis, u,., vs dimensionless tube radius, r/R. The 
Reynolds numbers were 39,280, 57,860, 78,480 and 
113,880. Velocity profiles for the two Habon G concentra- 
tions are similar indicating no significant effect of the 
surfactant concentration on the velocity profile in this 
concentration range just as there was no effect on their 
drag reduction behavior (Fig. 2). The values of u,/u,.. of 
Habon G solutions are quite flat in the central region. 
They are higher than those of water in most of the core 
region and they are smaller in the wall region. They would 
be expected to become more convex and approach the 
water velocity profiles at much higher wall shear stresses 
as the micelle network breaks up and drag reduction is 
lost. The thickness of the wall layer for the water experi- 
ments can be estimated from the semi-empirical Karman 
theory, 6=32.5 ~ / ~ e , / q  (see Smetana 1957). For 

Fig. 3. Profile of mean local axial, velocity, u, divided by maximum 
velocity, u,,,. water, Re= 104,600 and Re=44,500; f Habon 
G solution, conc. 0.053% Re= 113,880; X Habon G solution, conc. 
0.107%. Re= 39,280 

Fig. 4. Profile of mean local anla1 velocity, u,, divided by maximum 
velocity, u,,,. o water, Re= 104,600, Habon G solution, conc. 
0.107%, Re=78,560; * Habon G solution, conc. 0.107%, 
Re= 57,740; 0 Habon G solution, conc. 0.053% Re= 57,860 

Re = 44,500, 6 =0.19 mm and for Re = 104,600, 
6=0.09mm, with about twice these values for Habon 
G solutions at similar Reynolds numbers. It was not 
possible to measure this close to the wall; measurements 
could be made only as close as about 0.5 mm to the wall. 
The velocity profiles for water superimpose as do those for 
the Habon solutions. The data also nearly superimpose 
when plotted as u f  vs log y +  as can be seen in Fig. 5. 

- 
where u* = friction velocity = Jz, /p  

7 ,  = wall shear stress 
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Fig. 5. Dimensionless velocity profiles, ~ + - l o g , ~ y '  in water and 
in Habon G solutions 

For all Reynolds numbers measured, the u+ vs y +  data 
for water lie in a narrow band, see Fig. 5. The slope 
is a little steeper than the universal equation based 
on Nikuradse's measurements as reported by Schlichting 
(1960). 

Generally, our measured point velocities, u,, are slightly 
greater than predictions from Nikuradse's equation in the 
center of the tube and lower nearer the wall. We have not 
yet been able to reconcile this discrepancy but we note 
that similar deviations from this equation were observed 
by several authors as reported by Monin and Iaglom 
(1971). 

The equation fitting the data in the elastic sublayer 
region is: 

uC = 53.9 log,, y f  -65 (4) 

At a certain value of y + ,  the function u+ =fb+) deviates 
from this equation and the function becomes nearly hori- 
zontal in the flat profile center region. This value of y +  
increases with Re. The slope of the common profile line is 
greater than that proposed by Virk (1975) for the elastic 
region: 

Fig. 6. Profiles of axial turbulence intensities normalized by mean 
local axial velocity. water, Re= 104,600; Habon G solution, 
conc. 0.107%, Re=78,560; 0 Habon G solution, conc. 0.053% 
Re = 57,860 

It is closer to the value of 44.9 reported by Bewersdorff 
and Thiel (1993). 

The S-shape profiles with slopes steeper than Eq. 5 
shown in Fig. 5 resemble other velocity profiles in the 
literature for systems showing large drag reduction. For 
example, data of Bewersdorff and Ohlendorf (1988) for 
tetradecyl trimethyl ammonium salicylate (TTAS) have 
this shape with sections steeper than Eq. 5. Those authors 
also cite several Russian papers by Povkh and coworkers 
which showed similar profile shapes for surfactant solu- 
tions (see for example Povkh et al. 1988). A polymer 
solution example is data of Schiimmer and Thielen (1980) 
who reported data for high molecular weight polyac- 
rylamide solutions showing large drag reduction and 
whose velocity profiles are also S-shaped and steeper than 
the prediction of Eq. 5. 

Profiles of velocity fluctuations in the z direction were 
also measured for water and for surfactant solutions 
(Fig. 6). The water results are similar to those of Patterson 
(1966) for benzene at Re of 82,615 in a 50.8 mm tube. The 
ratio of root mean square longitudinal fluctuations to 
the mean local velocity, u',/u,, is generally smaller for the 
micelle systems in most of the cross section but the values 
are almost the same at the tube center. They exceed the 
values for water in the wall region where the mean vel- 
ocities of the micelle system are lower than those for 
water. When plotted as ul,/u*, they are much higher than 
water intensities because u* is relatively small for these 
highly drag reducing systems (Fig. 7). Intensities above 
eight were observed. Peak values near eight were also 
observed by Bewersdorff and Ohlendorf (1988) for 
a TTAS system with high drag reduction. 

Micelles greatly reduce the cross fluctuations. The root 
mean square tangential velocity fluctuations, u',, are nor- 
malized by the average cross-section velocity, 17, both in 
the surfactant system, u'+/'ts,, and in water, u',,/ii,, and 
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Fig. 7. Profiles of axial turbulence intensities normalized by friction Fig. 9. Profile of ratio of tangential velocity fluctuations in surfac- 
velocity. 0 water, Re= 104,600; Habon G solution, conc. 0.107%, tant to that in water normalized by the ratio of bulk mean velocity of 
Re=78,560; 0 Habon G solution, conc. 0.053% Re=57,860 surfactant and of water. + Habon G solution, conc. 0.053% 

Re= 57,860 

Fig. 8. Profile of the ratio of tangential velocity fluctuations in 
surfactant to that in water normalized by the ratio of bulk mean 
velocity,of surfactant and of water. Habon G solution, conc. 
0.053%, Re=57,860 

a profile of 

+I"= ~ ' w '  
ii, u'?, ii* 

is plotted in Fig. 8. Nearly equal Reynolds numbers with 
nearly equal average velocities were chosen for evaluation. 
The micelle secondary network in the stream reduces the 
tangential fluctuations to 20% (center) and 35% (closer to 
the wall) of those in water. At r/R values greater than 0.85 
the ratio begins to decrease rapidly. 

Even greater damping of cross fluctuations can be 
found with root mean square radial fluctuations, u',. Nor- 
malization is done in the same way as above, 

,I" "'r* C w  - -=-.- 
i i  u, u',, tr, 

with the same average velocities. The data are shown in 
Fig. 9. The whole profile shows 80% damping of radial 
fluctuations, u',,, in the micelle system compared with u',,. 
Bewersdorff (1990) reports ratios of u', to u',, of 0.39 to 
0.47 for a TTAS drag reducing solution which are smaller 
than our values of %0.6. It is interesting that the ratio, 
u',,/u',, increases in the wall region while the ratio 
u',,/u',, appears to decrease in this region. Measurements 
closer to the wall are needed to clearly define these trends. 

It should be stressed in conclusion that for highly drag 
reducing surfactant systems fluctuations of the radial and 
tangential velocity components are damped significantly 
compared to water flows while fluctuations of the longi- 
tudinal velocity component in the wall region are en- 
hanced. 

4 Conclusions 

1. Cationic surfactant solutions in water can reduce tur- 
bulent friction losses more than predicted by the Virk 
maximum drag reduction asymptote. 
2. An elastic sublayer mean velocity profile in highly drag 
reducing surfactant solutions is steeper than take profile 
proposed by Virk as the maximum drag reducing asym- 
ptote for polymer solutions. 
3. The mean velocity profiles observed for drag reducing 
surfactant systems are flatter than most of those reported 
for polymer solutions in the core region. 
4. Absolute values of axial turbulence intensities for drag 
reducing surfactant systems near the wall are highei than 
those for water, lower than water in most of the outer 
region and about the same at the center of the tube when 
compared at similar Re. They are much higher than water, 
except at the center, when reduced by the friction velocity, 
u',/u8. 



5. Tangent ia l  turbulence intensities for d r a g  reducing sur-  
factant  systems are reduced t o  20 t o  35% of  those for 
wate r  a t  all  locations in the tube. 
6. Radial  turbulence intensities fo r  d r a g  reducing surfac- 
t an t  systems are reduced t o  a b o u t  20% of those for water  
in mos t  locat ions in  the t u b e  bu t  rise somewhat  close t o  
t h e  wall. 
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LDA INVESTIGATION OF TURBULENT CHARACTERISTICS 
OF DRAG REDUCING SURFACTANT SYSTEMS 

The paper describes the results of an experimental investigation of tur- 
bulent structure in two drag reducing surfactant systenis - HABON G and 
ETHOQUAD T/13. The profiles of the local velocities as well as the inten- 
sities of turbulence were measured in a horizontal glass pipe with an inner 
diameter of 39.4 mm. 
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PiispEvek se zabjwi rnEienim turbulentnich charakteristik dvou povr- 
chov8 aktivnich aditiv: HABON G A ETNOQUAD Tj13. Profily bodovj'ch 
rychlosti a intenzit turbulence byly mEieny na sklenEn6m horizontilnim kru- 
hovdm potrubi s vnitinim prGmErem 39,4 mm. 

KL~COVA SLOVA: sniiovini tteni, aditiva, turbulence. 
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Z. ChAra, J. MySka, M. Severa, .I. L. Zakin 

1. In t roduct ion  

The use of drag reducing additives in district heating system has stimulate? 
interest in surfactant friction reducers over the past few years. While the applicabil. 
ity of high polymer additives in circulation systems is limited by their susceptibilit~ 
to mechanical degradation and loss of effectiveness, surfactant drag-reducers ap 

regions of high shear, they regain their drag reducing effectiveness when the leve 
of the shear stress decreases. 

2. Exper imenta l  pa r t  

For detailed investigation of turbulent structure in surfactaut systems, wc 
have chosen two commercial surfactants HABON G and ETHOQUAD T13/50. 
because of their high drag reducing efficiency a t  room temperatures. Habon G is 
the product of HOECHST Comp., FRG. The content of delivered material is 53.5% 
active surfactant, 10.2% isopropanol and 36.3% water. The cation of the surfactant 
is hexadecyl-trimethyl-ammonium 

I C I ~ H ~ ~ N ( C H ~ ) ~ C ~ H ~ O H ] +  

and the counter-ion is 3-hydroxv-2-naphtlioate 

The surfactant material is a dark brown liquid with high viscosity which is 
easily diluted in water. 

Ethoquad TI3150 (ET) is a product of the AKZO CHEMIE AMERICA, USA. 
The content of the delivered material is 50% active surfactant, 36% isopropanol and 
14% water. The surfactaut is tallow tris hydroxyethyl ammonium acetate 

Tallow - N (C2H40H)3 Ac- 

with molecular weight M, = 454. This surfactant must be mixed with natrium 
salicylate (NA) in order to exhibit drag-reducing properties. 

High-temperature pressure-loss experiments were carried out in a small re- 
circulation pumping system containing a smooth stainless steel pipe with inner 
diameter of 6.17 mm. Pressure drops were measured by a Validyne differentid 
pressure transducer and flow rates were measured with a Rosemount Series 8700 







LDA investigat~on of turbulent character~stics - 
measurements and the Coherent INNOVA-70 Argon ion laser (A = 514.5 nm) was 
used for ET/NA measurements. The differential Doppler signals were detected by 
the Dantec photomultiplier 55 x 08 in the forward scatter direction. The evaluation 
of the Doppler signals was performed using the Dantec PDA systems and a Dantec 
Counter processor. 

3. Results  

The data in Fig. 2 show the efficiency of the surfactants B drag reducers 
at room temperatures, i.e. 18-26°C for Habon-G and 12.8-20.5°C: for ET/NA 
for various weight concentrations of active matter. There is no difference in the 
efficiency at weight concentrations of 0.107% and 0.053% of active matter of Habon- 
G. At a concentration of 0.027%, the efficiency is greatly reduced at these low 
temperatures. The solutions of ET/NA exhibit interesting behaviour: there is a 
certain region (below G = 1.7 m/s) where the less concentrated 0.204% solution is 

j more efficient than the more concentrated 0.327% solution. The picture also shows 
that, for comparable effect, a much greater amount of ET/NA is needed. The 
efficiency of both surfactants was measured a t  the beginning of the experiments 
and it was again checked after the experiments were finished. No change was I 

E ! The dimensionless velocity profiles (u/u,,,) in water and in both surfactants 

of 0.327% and for Habon G (concentration 0.053 % and 0.107%) the velocity profiles 
differ from the water profile (Fig. 3b), where flatter velocity profiles can be observed 
in the central region. 

This fact is more obvious in Fig. 4, where the u+ vs y+ data are depicted. The 
equation fitting the data for the Habon G surfactant in the elastic sublayer region 
is 

uC = 53.9 log y+ - 65 (1) 

and the equation for ET/NA (concentration 0.327%) is 

u+ = 53.9 log y+ - 84. (2) 

At a certain value of y+, the function u+ = f (y+)  deviates from these equations 
and the function becomes nearly horizontal in the flat velocity profile region. The 

. , 
slope of the common profile line is greater than that proposed by V i r k  [3] for the i 1 elastic region 
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. Water Re = 10L 600 

+   TINA 0.204% Re=102130 

tT (NA 0.20L% Re=6044O 

Water ReL :Oh600 

o Habon - G 0.107°/o Re=78480 

Habon- G 0.053% Re = 57 860 

Obr. 3. Bezrozm6rni rychlostni profil pro roztoky HABON G a ET/NA. 
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0 Water 

+ ET/NA 0.20L % Re = 102 130 

+ ET/ NA 0.327 '10 Re= 90 660 

Habon- G 0.053°/~ Re=57 860 

Fig. 5. ~ ~ t e n ~ i t i e s  of turbulence of the longitudinal velocity component. 
Obr. 5. Intenzity turbulence podeln6 sloiky rychlosti. 
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SURFACTANT DRAG REDUCERS FOR REDUCING ENERGY DEMAND LN 
DISTRICT HEATING SYSTEMS 

New Requirements for Structures 
and their Reliability 

Prague. h o c h  Republic 
June 7 - 8.1984 

Kevrvords: Hydraulics, Tuhulent Pipe flow. Drag Redunion. Surfactanls. Heating Systems 

ABSTRACT. Ihe use of drag reducing surfanants in disoict heating vstems is a vev  promising 
method for saving of energ).. With this in mind ten \stre wmed out in different pipe diameters with 
diBerent surfactants under different concentration and temperature conditions. Results showed the 
inlluence of pipe diameter and of temperature on drag reduction \dues. 

I. NRODUCTION 
Disuict heating world->+<de gains in signifirancc in regard to supply the space heating demand. 

It is able to promote a primaxy energ? saving. emironmentally acceptable and Ion-priced energ? 
supply. Special advantages of district heating are waste heat utilisation and energy supply by 
mmbined heat and power plans. High investment cons of Lhe heat Iranspon and disuibution nenvurk 
\nth relative small annual utilisation times are disadkantages of district heating. Thus all eUo& to 
improtre the economy of heat supply is of imponance. One of the promising possibilities is using drag 
reducing additives in district heating -%ems. 

In many closed loops heating ?stems. such as hot water district heating systems, a drag 
reduction additive muld tedua pumping cons. or incrrase the potential distribution distance without 
addina more oumos. For these aoolications idealh. the drar! reduction swf&ctant additive wuuld 
pmvize g d  &ag &duction over idl of the closed-ioop system. The drag redunion additive must be 
able to aithstand the wntinuous shearing caused by rmrculation [If. 

The additive is a s ~ e c i a l l ~  develooedsutfanaflt that shorn a a d  stabilitv aeainst 
temprarures and shear s l r ~ s s . i h e s e ~ ~ t o p e d ~  an: important fur the use in d;strict kcacing sy&m. 
When the subnancc is added to water. the molecules will assemble in positively charged socalled 
mialles. 'The micelles are assumed to form a cubic supxlamce and when the wte r  flom. the miQlles 
are assumed to orient in the diredon of the flaw. Hcrebv a smtif~cation omus. which amrd inz  to 
the theory - reduce the tdulence. Rod like miacllesor possible ncwrks are wry e ~ a t i v i  in 
reducing flllbulcnt frinion up to a cemain shear arar whereupon the miallar bonds or the n c m r k s  
arc broken and the fluid b&mes Nwtonian, with no frinioi &union whatsoever. If the sMss is 
relaxat the bonds reform and the friction reducing ability reappan. This is in mnlrast to polymer 
solutions where. if (he polymer molecule is degraded or bmkes the fluid loses i s  drag reducing 
ability permanently 121. 

(L)Doc.lng.Jaroslav Pollcn DrSc. Czech Technical Uni\.ersily. Faculty of Civil Engineering 
Dewmen1 of Hydraulics and I iydrolo~.  7hLumva 7. 161 29 Praha 6. Czcch rcpubltc 
(2) Ing.Petr Komrzy. Czech Technical U~\ersitv.  Facults ofcivil Engincerine. Demnmcnt of - .  
Hydrailia and i~y&olow. Thakurova 7. 166 2 9 ~ r a h a 6 ;  C m h  repubtic 
(3) Jaroslav Pollert. jun.. Czech Technlal UmKmty. Faculty ofcivil Engineering. DepaNnent of 
Ilydraulia and Hydrology. lluhnna 7. 166 29 Praha6. C m h  republic 
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2. EXF'ERlMENTAL 
A surfadant additives 
Mcasunmcnts were made using the four quaternary ammonium salts listed in Table I with their trade 
names, supplies and chemical mmpositions. 

Table I. List of tcsted sxlidants 

Eyept  of Habon G surfactant solutions were prepared by adding sodium salicylare (or other anion) 
solutions lo thoroughly mixed quatemw ammonium salt dispersions or diren dissolving of salt in 
xmter. Surfactant mixtures were stored 24 hours before tening. 

B. Pipe flow tea loop 
The ten senions for the drag reduction measurements \vith Habon G and Ethoquad TI13 in 

Prarme's laboratow mnsist of suaieht stainless steel tubes of different diameter (4. 6. 10 and 20 mm) 

CHEMICAL FORMULA 

Ic16 H j j  N (CH3)2 (C2 H4 OH)]+ 

R ~ N  (CHI CH2 OW3 CH COX- 

[C16 H3j N (CH~)~I+CI- 
- 

[CZZ H43 N (CH3)jlfCI- 

ADDITIVE 

Habon G 

Ethoquad TI13 

Arquad 16-50 

KemamineQ2983C 

- ~~ "~ ~ , 
tach of lengths 5 m. Other parts oilhe recirculation test pipe Imp sere conswcfed from PE smmt i  
tubes of D = 20 mm and all valves are of the same size. The envana  length to the fim pressure tap 
was at lean 150 limes the diameter of each tube used in order to insure that the turbulent flow was 
fully d e v e l o d  The pressure measurements wen made using Hovinger Baldrvin differential pressure 

SUPPLIER 

H m h s i  GmbH W G )  

Akro Chemicals (USA) 

Akzo Chemicals (USA) 

Humbo Chemical.Div.. 
Witco (USA) 

.&ucen'with di&ce between pr-c laps 1 m. ~ a i h  press& lap was equipped with two 
indeoendent presswe mmluars .  The flow rate ofthe ten fluid was measured by a Krohne magnetic 
- lnductivc flowmcler . its a-cy uas i 0.1 % foc flow rates a b - 3 ~  10 % of full flow. All daQ 
iocludinp: tempcranues. wen mllened into a Multipoint Meanrnng Insnunen1 UPM 60 ( Hotunger 
~aldwini.  Th~tempcratwe of the ten fluids muld beconlrolled h m  10 lo 600 C to i 0.5 O C. 

All of rhe fiction hctor v c w  Rcynolds number and reniperaturt &la was obtzined by using 
a mmputer programme in mnnection with UPM 60. It automatically mllened and averaged SO 
presswe mdings and flow rate readings for one experimental point a[ a rate of about 1 reading/Ols. 
The friuion factor, h, as a function of the Reynolds number was then calculated for these dala from 
the properties of water and the equipment parameien. 

The pumping system mnsisred of a centrifugal pump with a maximum capacity of 78 Vmin 
aadH=70m.  

ConMl tcsts wcn nro on Pramre's lap wafer (uwd for all tesrs] h m  20 to m0 C and 
compand with the h d t l - w n  KArdn~friction~fauor relation. Rcrults for water at all tempcratuns 
showed excellent agnnocnt with values pndiued from the calculations. All sufacmU addilk 
experiments wue &ed out at three temprahlrrs - 20.40 and C. Dwation of each concentration 
tcd was I5 horn. 

For testins other nufacfants - Kcmamine 02983C and Amuad 16-50 -was uxd Ohio State 
University ten loop: D = 6.2 mn~, disiana bawcen presswe tap; 0.5 m, skinless steel pipe. The 
pumping system mnsisted h m  ceniriIirgal pump with byparr and a flow m n w l  ML\,e. The flowale . . -~ 

was monitored by Omega FPM 5200 piddle-wheel sensor with ammcj i 1 % of the maximum 
flowrate. The pnssun dmp meawrmnts  werc made with Validync preaun inductive tnmdwx~. 
The aauracy of the tnmducers was f I %of full sale. Entrance lengih was 300 D. 

3. RESULTS AND DISCUSSIONS 
One of the most interesting issues that has surfaced during studies of drag redudion by 

polymers is the .diameter aectH. This n f e s  to the fad that for a given fluid and Reynold. number. 
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the friction (cxcept in the maximum d& reduction asymptote regimc [3] is a fundon of the diameter 
of the pipe. i.c. for a given polymer and concenmtion the drag reduction is greater in small pipes. 
This is, of course. not the case with Nemonian fluids for which the pipe diameter is already taken 
fullv into account in the Revnolds number. 

Drag rcducoon dak for 0 05 % Habon G and Ethoqwd TI13 solut~ons arc s t low in figs. I. 
2 and 4 for four diITercnt pipe diameters at luo different temperarurcs. Data fronl 141 and 151 In a 
39.4 mm ptpe are also shown The friction factor in wmc ~ s e s  falls bclau tllc rnaumum drag 
reduction asymptote found for polymer solutions 131. At high values of the wall shear Stless. the 
solution baomes ineffarive for drag reduction and behaves like the solvent The influence of pipe 
diameter is strong, i.e. with i n c d  pipe size. drag reduction increases as does the range of 
Reynolds numbcr in which the surfactant is effective. This is conuary to results for polymer additives 
wbvhcre drag reduction increased \Gth decrease in pipe sire[6]. Similar results were observed with 0.1 
% Habon G, too. 

The date for all experimenls sho!ved suong temperature influence. i.e. as the temperahlre 
increased the drag reduction also increased in the range of studied temperatures. Fig.3 show the 
percentage drag reduction at variorc; temperatures for water Nith millure of t w  surfactants: 
Kemamine Q2938C and Arquad 16-50 with saliqlate salt (concenmtion ratio imM : ImM : 12.5 
mM). 

For both surfac(anls at all conmmlions fhat were studied, the results fall into hvo distinct 
groupings: one of the smaller size pipes: 4 and 6 mm and the other, the larger pipes 10 and 20 mm 
(it is also possible to include the results from the large pipe D = 39.1 mm in this group 16. 7). In the 
smaller pipes the critical wall shear stress was reached a1 lo\v Re!nolds number and sharp changes 
in drag reducing enaiveness in a narrow range of Reynolds number were not observed. But in the 
cases ofthe 10 and 20 mm pipe sizes it was possible to see Qpical surfactant drag reduction additive 
behaviour is seen in which the stress causes breakdown of the network structure of the rod-shaped 
micelles when the shear stress exceeds a critical value. 

It is not clear why drag reducing data fall into nvo groupings. One possible evplanation is 
related to the differences in the shapes of the velocity profiles &ith surfactant and ~bithout surfaclant 
111. Velocityprofiles in drag reducing micellar solution ?stems are quite flat in the cenual region 151. 
In the smaller 4 and 6 mm tubes, the size ofthe micelles may be large relative to the distance from the 
~Mll  at which the ehpecfed steep porlion of the profile should lie. thus interfering nith the 
development of the profile. 

Buildings heating and urnling systems are usually quite complicated in configuration, 
lypically involving many fining. control valves, pumps. and heat cxchangen . One e q m s  that these 
components could perhaps interfere with the v i m l a d c  drag-reducing fluid. thereby affecting its 
overall drag and heal mnsfer characteristics. On the other hand. the surfactant additives could also 
influence the chvacteristln and perfomnce ofthese mmponcnts Accordingly. they have -died the 
effm of drag-reduc~ng surfanant solutions on the pcriormancc of cenuifugll pumps, and found in 
some cases' improvem&.ts in pump efficiency and cavietion conditions. On the other hand pumps 
and valves <ere  shown to have very little localised ciiecl on the drag reduction effectiveness of the 
fluid. Therefore present experimental investigation was mainly focused on finding of influence of 
chemical StNCNre, diameter and temperature effect on overall drag reduction. 

4. CONCLUSIONS 
The application of cationic surfactants causes a reduction of pressure loss and alw a decrease 

of heat transfer in turbulent flow and from the mprimenrz it is possibIe to mnciude: 
1. For the aufaaants, the influence of pipe diameter on drag reduction is opposite to that of polymers. 
i.c. with incnasing diameter drag rednclion i n d  for the surfactam. 
2. In the range of experimental temperatures (t,, = 1200 0. the maximum drag reduction increased 
with increase of temperature. 
3. During experiments in a closed loop pipeline system no mechanical or ageing degradation effects 
were &wed as are found uith polymer additives. 
4. Fr idon factors lower than thase predicted by the maximum drag reduction asymptote. 

- 
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Tab.1 -Drag reduction results (%) fof aiffereni pipe diameters andtemperatures 
N -no experimental data; Haboo G - canccnaation 0.05 %; 
data far D - 39.4 mm from [41 

Befause of this the follorring options muld be realised: 
a. in existing plants 

- reduction of pressure Ian at the same flow-rale, resp. an increase of flowTate at the same 
pressure difference 

-an increase of thoughput and by lhis an increase of heat load at the same power an 
temperawe difference 

b. in new designed plants 
- smaller tube diameters or reduced pressure losses and with this reduction of pump powr 
- heat supply by large power nations quite far away from the consumen. 
The reduction of pressure loss in uansporlation and disuibution pipes has essential 

advantages for disuict heating. The deterioration of heat uansfer "uaterhube wall" has nearly no 
advantages. because in these tubes the outer heat uansfer resistance is conlrolling the heat loss. An 
enlargement of heal transfer area of heat exchanges might be rquired. 
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Fig. l-  Relationship of Re)nolds number and friction factor for solution of 0.2% Ethoquad TI13 with 
NaSl in 10 mm pipe. 

Fig. 2 Changes of drag reduction in different sim of pipes under izofhermal condition. l=ZO'C 
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Fig. 3- Influence of temperame on drag redunion of mixed surfactants Keramine Q2983C + 
Arquad 16-50 + 5 CISaJycilate (concenmuon ratio: 4mMllmM112.5mM), D 4 . 2  mm 

Fig.4- Inflnena of pipe diameter on wall shear men. iscihumal flow mnditions, mnoentdon of 
Habon G 0.OSY- t=2O0C 
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RELATIONSHlP O&I&~%%PRU'~GEN~E AND NORMAL STRESSES O F  CATIONIC 
SURFACTANT SYSTEMS T O  TnEIR TURBULENT FRICTION REDUCTION 
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I. INTRODUCIlON 

The use of district heating and cooling 
systems @HC) is being encouraged in many 
countries in order to make more effective use of 
energy resources and to reduce environmental 
pollution by combustion products. The addition 
of drag reducers to these systems wuld reduce 
pumping energy costs, reduce capital 
investments or increase capacity and hrther 
reduce environmental problems. 

Certain sulfactants consisting of quaternary 
ammonium salts with substituted benzoates or 
naphthoates as counterions form rod-like 
micelles in aqueous solutions, exhibit viscoelastic 
behavior and are effective as drag reduction 
additives. They regain their drag reduction 
effectiveness after mechanical degradation at 
high shear stress or if their temperature limits are 
exceeded. 

In this paper, flow birefringence and normal 
stress measurements on three cationic surfactant 
systems are reported and compared with drag 
reduction measurements. 

2. EXPERIMENTAL 

2.1 Cationic Surfactants and Counterions 
The three cationic surfactants studied are 

Arquad 16-50 (C16H33N(CH3)3CI), Ethoquad 
0-12 (Oleyl-N(CH3)(C2H40%Cl) and 
Ethoquad Tl13-50 (T~~~OW-N(C,H~OH)~AC). 
AU three are commercial products of Akzo 
Chemical, U.S.A The counterion, the sodium 
salt of 2-hydroxy benzoate (NaSal), is a product 
of MCB Manufacturing Chemicals, Inc. (GR 
purity made). 

2.2 Drae Reduction Measurements 
Drag Reduction experiments at 

temperatures from 2 OC to 130 "C were carried 
out in a recirculation system containing a 122 cm 
long, 0.617 cm diameter stainless steel test 
section. Entrance and exit corrections were 
applied [Chou, 199 I]. 

2.3 Flow Birefringence Measurements 
Polarized light passing through an isotropic 

material experiences a single, scalar refractive 
index. In a birefringent material, this light 
experiences a tensorial refractive index. Flow 
birefringence is due to anisotropy in the 
refractive index. Certain surfactant systems, 
because of the existence of rod-like micelles, 
show birefringent behavior. 

A phase-modulated flow birefringence 
apparatus was employed [Smith, 19921. A beam 
of monochromatic, partially polarized red light 
from a He-Ne laser was linearly polarized when 
passed through an incident polarizer. It then 
passed through a photoelastic modulator which 
induced a time varvina retardance in the ohase of . ~ ~ - -  

the light. The b&m';hen traveled through the 
solution in a Couette cell with outer cylinder 
rotation and a one millimeter gap size. Shear 
rates wuld be varied from 0 to 700 11s. The cell 
was jacketed for temperature control. The light 
then passed through a second polatizer and into 
a PIN photodiode detector c o ~ e c t e d  to 
computer data acquisition. 

The flow birefringence and the extinction 
angle of the solutions were simultaneously 
determined. 

. . -  
MI three solutions were prepared with 2.4 Fimt Normal Stress Difference 

distilled water at concentrations of 5mM M~~~~~~~~~~~ 
sutfactant and 12.5mM NaSal. The first normal stress difference, Nl ,  was 

measured in a Haake CV 20N rheometer with a 



cone-plate system (range: 0-600 11s) over 
temperature range of 20 'C to 80 OC. The cone 
is of diameter 41.7mm and the angle is 2". The 
measurements were controlled by a computer 
using Haake software. 

The solutions were presheared before the 
measurements of N1 by shearing in a Couette 
flow cell for 2 hours at shear rate of 1170 11s. 

3. RESULTS AND DISCUSSION 

Arquad 16-50 and Ethoquad 0112 systems at 
20 OC. 

With the exception of the Ethoquad Tl13- 
50 system at 30°C, each system shows an 
approximately constant critical shear stress 
above which normal stress values increase 
monotonically and which is apparently not 
dependent on temperature (Table 2). Thus, we 
may conclude that at a certain shear stress, the 
stmcture of micelles in the solution is changed 

3.1 Corrrlafion of Three Mrasuremrnts so that the behavior of the first normal str>ss 

All three systems are good drag reducers up difference undergoes an abrupt "lange. 

to 70 "C (Table 1). The temperat&e ranges f& 
flow birefringence are in good agreement with 
those of drag reduction except for the Ethoquad 
Tl13-50 system. The first normal stress 
difference upper temperature limits for the 
Ethoquad 0-12 and Tl13-50 systems are lower 
than those for drag reduction. 

Table 1. Comparison of Temperature Range 
for Three Measurements 

The existence of rod-like micelles in the 
solution is believed to be essential for the 
existence of drag reduction, flow birefringence 
and viscoelasticity. The discrepancies in the 
upper temperature limits suggest that these 
properties depend on the size of the rod-like 
micelles to different extents. 

3.2 First Normal Stress Difference 
The first normal stress diierence values, 

N1, of all systems rise above 102 Pa at 20 OC 
(Fig. 1). The normal stresses decrease with 
increasing temperature for all systems with the 
exception of the Ethoquad Tl13-50 system at 30 
OC in the range of shear rates smaller than 330 
11s. whose values are lower than those at 40 OC. 

I - m v  
0 ,  

o am aa m ro ya am-"' 

Shear Ratc (11s) 

(la) Arquad 16-50MaSal(5mM/12.5mM) 

Imo 

z - Z 1:lc77 5;: 
-ST 

0.1 
0 l m 1 0 3 3 m r o m a m  

Shear Ratc (11s) 

(Ib) Ethoquad 0-12/NaSal(5mM/12.5mM) 

Shesr Rate (Us) 

(lc) Ethoquad T/13-501NaSal(5mM/12.5mM) 
At a certain shear rate, the normal stress 
decreases to a minimum and then increases with Fig. 1 First Normal Stress Difference Results 
shear rate. This phenomenon was observed in all 
three systems at all temperatures except for the 



Table 2. Critical Shear Stress for Normal through the Stress-Optical Law [Coleman, et a[., 
Stress Minimum 1970, Janeschitz-Kriegl, 19831. This law states 

that there is a simple proportionality between the 
refractive index tensor, n, and the stress tensor, 
T : 

n = C . r  (I) 

where C is the stress-optical coefficient. in 
component form, the law states: 

An* sin(2,y) = ZCr,, ........ ......... (2) 

3.3 Flow Birefringence 
Flow birefringence increases with the shear 

rate to a saturation value for all systems. Fig. 2 
shows results for the Arquad 16-50 system. With 
increasing temperature, the shear rate required 
to reach the saturation point is increased. This is 
consistent with the assumption that micelle 
length decreases with temperature. The shorter 
micelles are not as easily oriented as the longer 
ones, and therefore, require a higher shear rate 
for alignment. Also this is in agreement with the 
NI results, which shows that N1 values decrease 
with increasing temperature because of the 
shorter micelles which show reduced 
viscoelasticity. 

1- 1 
15, 1F.l IS1 IE+ I B I  lE+I IE+1 

Shear Rate (Us) 

Fig. 2 Flow Birefringence vs. Shear Rate for 
Arquad 16-50ih'aSaI (5mMm2.5mM) 

3.4 Stws-Ootical Law 
The flow birefingence, An, and the 

orientation angle, X, can be linearly related to the 
shear stress and the first normal stress difference 

where 712 is the shear stress and (71 1 . 7 ~ ~ )  is the 
first normal stress difference. 

The validity of this law for polymer systems 
was checked by many researchers [Coleman, et 
al., 1970, Janeschitz-Kriegl, 1983, Osaki, et al., 
19791. However, there are no reports testing this 
law for surfactant systems. 

These surfactant systems can not follow Eq. 
(Z), because as shear rate increases, the 
orientation angle, X ,  becomes zero so that the 
left hand side of Eq. (2) is zero while the shear 
stress doesn't vanish with increasing shear rate 
and in fact increases. Fig. 3 shows orientation 
angle and shear stress for the Arquad 16- 
50fNaSal system. 

a.C 

She= Rate (11s) m.c 

Pig. 3 Orientation Angle and Shear Stress 
for Arquad 16-50/NaSal(5mMfl2.5mM) 

C can be calculated from Eq. (3) for the 
three systems. At low shear rate ( 0 0 0  Us), C is 
erratic. However, at shear rates higher than 300 
lls, C changes with the shear rate only to a small 
extent p ig .  4). 



Shear Rate (lh) 

(4a) Arquad 16-50iNaSal(5mM/12.5mM) 

Shear Rate (11s) 

(4b) Ethoquad 0-l2fNaSal (SmM/lZ.SmM) 

Shearbte (11s) 

(4c) Ethoquad T/13-50MaSal (5mM/12.5mM) 

Fig. 4 Stress Optical Coef. vs. Shear Rate 

flow direction and show low shear stress at the 
shear rate at which x reaches zero. 

4. CONCLUSIONS 

The rough correspondence among drag 
reduction, flow birefringence and first normal 
stress difference measurements supports the 
suggestion that rod-like micelles, which may 
form networks, are responsible for the existence 
of these three phenomena. The increase in the 
shear rate required to reach birefringence 
saturation and onset of first normal stress 
difference with increasing temperature is 
consistent with the assumption that micelle 
length decreases with temperature as does the 
disappearance of drag reduction at high 
temperature. Surfactant systems seem not to be 
able to follow Eq. (2) due to their low viscosity 
and the ease which they align under shear. 
However, in general, the mess optical constant 
in Eq. (3) shows modest variations with shear 
rate above 300 l/s. 
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The use of drag reducing surfactants in district heating systems is a very promising method 
for saving energy. With this in mind field tests in a secondary system in Kladno-Krocehlavy 
were carried out with thc drag reducing surfactant, Habon G, under different flow and 
thermal conditions. Results show the influence of surfactant concentration on drag reduction 
and heat transfer. 
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USE OF FRICTION REDUCING ADDITNES IN DISTRICT HEATING 

SYSTEhI FIELD TEST AT KLADNO - KROCEHLAVY, CZECH REPUBLIC 

INTRODUCTION 

As soon as the existence of drag reduction from soluble high polymers and later by 
surfactants had been established, proposals were made for possible future applications. Over 
the years this list of possible areas has increased to include: oil well operations, fire fighting, 
irrigation, sewage and floodwater disposal, hydrotransport of solids, crude oil movement by 
pipeline, water heating circuits, jet cutting, hydraulic machinery, marine applications and 
biomedical applications. A recently published paper (1) considers progress in all these 
application fields, except the biomedical one, and the present article will restrict it's attention 
to one topic: heating circuits. 

Hydrodynamic conditions in heating circuits (primary as well as secondary) are rather 
different from those in other flow systems usually considered. The salient features are[]]: 

completely closed circulation systems. 

pipe internal diameters can range up to 1.5 m which is several times greater than those in 
most other applications. 

water recirculation time ranges from minutes to several hours at Reynolds numbers of 
104 - 106 

water temperature range of 40 - 130° C .,. 

World-wide use of district heating to supply space heating demands is growing, 
because of its effectiveness in reducing fuel use, reducing environmental pollutants and its 
ability to provide a reliable low-cost energy supply. Special advantage can be taken of waste 1 
heat and energy from combined heat and power plants. High investment costs of the heat 
transport and distribution network with relatively small annual utilization times are 
disadvantages of district heating. Thus efforts to reduce energy use and investment cost are of I 

importance. One of the promising possibilities is to use drag reducing additives in district 
heating systems. 
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In many closed loop heating systems, such as hot water district heating systems, a drag 
reduction additive can reduce pumping costs, or increase the potential distribution distance 
without adding more pumps. Ideally, for these applications, the drag reduction additive would 
provide good drag reduction over most of the closed-loop system. The drag reduction 
additive must be able to withstand the continuous shearing caused by the pump and by 
recirculation [2]. 

While high polymer drag reducing additives are v e p  effective when they are injected 
into "once-through" peuoleum pipelines, they are very sensitive to mechanical shear. One 
pass through a pump degrades them irreversibly and they are useless downstream. Certain 
surfactants, on the other hand, provide good drag reduction and they recover immediately 
after passing through regions of high shear such as in pumps. 

The drag reducing cationic surfactant additive used in these experiments, Habon G, is 
a specially developed surfactant that shows good stability at high temperature and shear 
stress. When the substance is dissolved in water, the molecules assemble to form large rod- 
like aggregates called micelles. The micelles are believed to form a cubic superlattice and, 
under shear, the micelles orient in the diiection of the flow. Rod-lrke micelles or possible 
networks are very effective in reducing turbulent friction up to a certain shear stress, at which 
point the micellar bonds or the networks are broken and the fluid becomes Newtonian and 
loses its friction reducing character. If the stress is reduced, the bonds reform and the friction 
reducing ability reappears. This is in contrast to polymer solutions where, if the polymer 
molecule is degraded or broken, the fluid loses its drag reducing ability permanently. 

During the past ten years considerable research, development and demonstration of 
technology for the use of drag reducing additives for district heating and cooling has been 
going on. 

The results reported here are based on an additive developed by Hoechst AG in 
Germany. The additive is a specially developed surfactant, cetyl dimethyl hydroxyethyl 
ammonium 3-hydroxy-2-naphthoate (Habon G). This additive or a similar product 
demonstrated effectiveness in primary heating networks in Denmark and in Germany. The 
experiment in Denmark was camed out in a 2.8 km long pipe running from the power plant 
of Herning to the town of Lind, D = 200 mm in the primary heating circuit. A number of 
measurements at various concentrations of Habon G were made and results showed that the 
pressure loss for the entire system was reduced by 75 % or more at concentrations greater 
than 250 ppm. Measurements were made at concentration up to 1000 ppm. The maximum 
effect, however, appeared at 460 ppm [3]. 

In Germany the first full scale experiments were carried out with drag reducing 
surfactants in 1988 in a district heating transport pipe, D = 450 mm, connecting the heating 
and power station at Fenne and the district heating central station at Volklingen [4]. The 
transport duct which was 2400 m total length was fed by a pump of nominal 1450 m3hour 
with a delivery head of 67 m. A steam heated tube bundle heat exchanger in the heating and 
power station at Fenne (ca. 30 MW) was used for heat input and a plate heat exchanger (10 
MW) within a central station was used to heat the secondary system water. In the whole 
primary heating system, pressure drop decreases up to 70 % were observed or alternatively, 
flow rate increases up to 30 %. The surfactant used was Obon (octadecyl trimethyl 
ammonium 3-hydroxy-2-naphthoate) also produced by Hoechst AG. 
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Despite the experience gained in these tests, questions remain on how drag reduction 
by surfactants can be implemented on a full scale. One of the most important is how effective 
will the friction reducing solution be in a secondary system and how will it affect heat 
transfer in heat exchangers of combined heat and power plants. 

Another key issue is the effect of the additives on the environment. The drag 
reducing additives available from Hoechst, AG have properties very similar to surfactants 
widely consumed - and disposed of - in modem society. A distinct difference in the 
application in district heating systems is the fact that the additives are to be used at fairly low 
concentrations (200 - 1500 ppm) in closed loops only. Only in case of accidents is there a risk 
of their admittance to the environment, and even in this case the consequences are limited. In 
general, the risk of leaks from transmission networks to the environment is small. If it should 
occur, however, the adsorption of additives into the surroundings such as soil, is very high 
and adsorption is irreversible. Due to toxicity to fish, because of the low surface tension of 
the surfactant solution, surfactant discharges into surface waters are more critical and 
precautions to avoid this need to be taken. 

The Czech Republic is the most developed country of the former Central and Eastern 
European countries in terms of central delivery of heat into households by district heating 
systems. Today there are nearly 100 central stations operating with total heat capacity above 
100 MW, i.e. ca. 32 % of the flats and many other buildings are connected by pipeline to such 
heat stations. Another 18 % of flats and houses have local heating stations. 

The total length of primary heating circuits (100 % of them use water as the source of 
heat) is 8000 km and secondary heating circuits (which also use 100 % hot water with 
maximum temperatures up to 92.5 OC) have a total length of nearly 15 000 krn. 

With all these above mentioned ijroblems in mind, an international cooperative 
project "Reducing Energy in District Heating Systems" supported by the United States 
Agency for International Development, was initiated in August 1991. The collaborators are 
The Ohio State University, The Czech Technical University, The Institute of Hydrodynamics 
of the Czech Academy of Sciences and the Czech Research Energy Institute. A field test of a 
drag reducing surfactant additive in a district heating system is an important part of that 
program. 

FIELD TEST IN KLADNO - KROCEHLAVY 

For the evaluation of the effect of surfactant drag reducing additives in district heating 
systems an existing district heating system was used in Kladno - Krocehlavy (25 km west of 
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Prague). The network there is used for heating 12-story apartment buildings (typical eastem 
European houses from prefabricated concrete blocks). The source of heat is a nearby power 
plant which is part of the well known steel works - Poldi Kladno. 

The primary pipeline system delivers hot water to heat exchange stations which are 
situated in the middle of groups of houses. These stations are connected by secondary 
systems to blocks of buildings. One of them, consisting of five apartment houses and other 
smaller buildings, was used for the field test with surfactant additive. A schematic 
representation of this secondary network is shown in Fig. 1 which includes detailed 
information about the whole system. Three centrifugal pumps were used to circulate water in 
the system. 

The main parameters of the secondary network are: volume of main distribution 
pipelines 8.03 m3, volume of 3 tube-in-tube heat exchangers - 1.68 m3, volume of expansion 
vessel - 2 m3, volume of pipelines in houses and flats - 8.19 m3, volume of radiators in flats 
(lower floors cast iron and higher floors steel) - 19.78 m3. The total volume was 39.68 m3. 
Leakage averaged 50 1 per day which was replenished continuously. Total capability of the 
secondary network to supply heat was 2154.9 kW. Design capacity is based on outside 
temperature of -10 OC, and flow rate of 60 m3/hour. Diameters of pipelines in the system 
varied from 200 to 10 rnm. Water in the secondary system was treated thermally and 
hardness ranged from 0 - 30 ppm and pH = 8: 

At the heating station surfactant was injected by a manually operated piston pump. 
The station has 3 ten year old tube-in-tube heat. exchangers of Czech production with total 
heat transfer area in each of 40 m2. For operation without additives hot water was pumped 
by 3 centrifugal pumps of Czech manufacture SIGMA-150-NTC-175-29-LB-00 with 
parameters: Q = 1620 Ymin, Y = 58.8 Jkg, P = 3 kW, n = 1450 revlmin (Fig. 2). 

While the previous field tests in Denmark and Germany were on primary systems, this 
field test program was carried out in a secondary heating network and focused on the 
following problems: 

investigate the effectiveness of drag reducing surfactants in secondary heating networks. 

evaluate the influence of the secondary system with its many singularities and many 
changes in flow conditions, in contrast to primary systems or laboratory setups with only 
one pipe diameter, on drag reduction efficiency. 

detennine the optimum concentration of surfactant to achieve the highest drag reduction 
in the system. 

determine the influence of surfactant additives on heat transfer in exchangers under full 
load conditions. . carry out an economic assessment of the project. This assesment is not yet complete. 

Tests were carried out with varying concentrations of Habon G. The following test data were 
obtained: 

a. pressure difference in secondary pipeline system, i.e. including radiators in flats, by 
differential pressure transducer: Rosemount, Switzerland. 

b. average volume flow rate by ultrasonic flow meter: UNIFLOW, Comtratron Co, 
U.S.A. 



c. actual surfactant concentration by analytical method recommended by Hoechst, AG as 
well as theoretical concentration from direct calculation from total volume of the secondary 
system (without taking leakage into account). 

d. total pump electric power input. 

e. temperatures at different locations by resistance electric thermocouples: Pt100. 

All data were collected and computerized on PC AT 386. 

FIELD TEST PROCEDURE. RESULTS AND DISCUSSION 

In pipe heating systems (primary and secondary) in which the lengths, diameters, 
surface roughness and many other friction losses in singularities of the network are fixed, the 
important variables are the pressure gradient (hz/l) and the discharge rate (Q). Heating and 
cooling systems in buildings are usually quite complicated in configuration, typically 
involving many fittings, control valves, pumps, and heat exchangers. These components 
could interfere with the viscoelastic drag reducing fluid, thereby affecting its drag and heat 
transfer characteristics. On the other hand, the surfactant additives could influence the 
characteristics and performance of these components. Studies of the effect of drag reducing 
surfactant solutions on the performance of centrifugal pumps have, in some cases, shown 
improvements in pump efficiency and cavitation characteristics. On the other hand, pumps 
and valves were shown to have little localized effect on the drag reduction effectiveness of 
the fluid. Therefore the present experimental investigation was mainly focused on studying 
the influence of surfactant concentration and temperature effects on overall drag reduction. 

The test program on the secondary system was started after installation of equipment 
in late 1992. Preliminary experiments with water began in January and February 1993 and 
again in November 1993 under different outside temperatures. Results of laboratory 
investigations showed that the concentration giving the highest drag reduction in different 
pipe sizes was 400 - 500 ppm. 

To better understand the influence of this complicated secondary system on overall 
drag reduction, it was decided to increase the concentration incrementally from a theoretical 
100 ppm (based on the total volume of the system) to 1000 ppm. The first dosing was done 
on December 1, 1993 and the last on February 24, 1994. During this period the concentration 
was increased 10 times. Fig. 3 shows the great difference between the actual and the 
theoretical concentration (in the latter case no leakage or other loss of water from the system 
was considered), which was caused by adsorption of surfactant on the walls. The initial 
difference was large with only 7 ppm in the system despite dosing at a theoretical level of 106 
ppm. After the last dosing, the theoretical concentration was 1378 ppm and the actual 
concentration was 623 ppm. Only a minor part of this difference can be attributed to leakage. 

Soon after the first dosing, drag reduction was observed (dosing time was 10 min., but 
it took about an hour for the additive to be dispersed throughout the system), i.e. pressure 



dropped and flow rate increased (see Fig. 4). The duration of the effect was short due to the 
low concentration and the adsorption. When dosing of Habon G was repeated even seater  
drag reduction was achieved and the effect lasted longer. These first results were vety 
encouraging because they showed that drag reduction by surfactants like Habon G could be 
effective in a secondary heating network and not only in straight pipes with few singularities, 
i.e. in primary systems. These first experiments also showed another interesting thing - 
almost no change in the inlet and outlet temperatures in the heat exchangers (Fig. 4). 

Normal operation of the system used three centrifugal pumps which provided an 
adequate supply of hot water to the radiators. When concentration reached ca. 400 ppm, total 
reduction of specific pumping energy reached 30 % which was equivalent to the power 
provided by one of the pumps. At that point the third pump was switched off and the whole 
secondary system operated with only two pumps without any difficulties in spite of very cold 
weather during two weeks in February 1994. Fig.5 shows details of the results including 
changes in the characteristics of centrifugal pumps and specific energy demand of the 
secondary heating system with different Habon G concentrations. The maximum decrease in 
specific energy, 40.8 %, was achieved at a concentration of 450 pprn of Habon G. When 
actual concentration was increased above 372 pprn, no significant increase in drag reduction 
was observed. Thus, the optimum actual concentration for such a system is 400 - 450 ppm. 
At this concentration of Habon G, total drag reduction was Very stable for several weeks. 
The last measurements in the system were made on March 18, 1994. Additional 
measurements will be made at the beginning of the new heating season in October 1994. 

Reduction of heat transfer is a general problem in heat exchangers using drag 
reducing additives (8). During experiments with Habon G in the secondary heating system in 
Kladno-Krocehlavy, the effect of the surfactant on the overall heat transfer coefficient was 
small, below 10 % reduction. Fig. 6 shows changes in the overall heat transfer coefficient, U, 
for different flow rates in the primary system for water and for a 200 ppm solution of Habon 
G. Average values of flow rate and U were calculated from experimental data (see 
Appendix). One explanation for the nearly constant overall heat transfer coefficient may be 
that the walls of the exchangers were at very high temperatures exceeding the critical upper 
temperature limit for drag reduction of Habon G. In this temperature region the additive 
solution characteristics revert to those of water. An alternate explanation is that significant 
scale had built up in the exchanger, so overall resistance was already high. Table 1 shows a 
comparison of U values at similar secondary system flowrates for water and for a 200 ppm 
Habon G solution. 

Table I: Influence of Habon G on heat transfer coefficient, U, in secondary network 

Performance of the two centrifugal pumps in series was almost identical for water a i d  
for surfactant solutions, as shown by the specific energy characteristics of the pumps (Fig. 5) 
The specific energy requirements of the secondary heating circuit were reduced by the 

Water 

Habon G - 200 ppm 

- 
Qy2 = 73.6 m3 1 hour  
- 
Q,? = 74.3 mS / h o u r  

- 
U = 2 6 6 W I m 2 1 K  

U=258.7 W I m v K  



presence of surfactant by 30 - 40 % when compared to water. This reductionin the secondary 
circuit specific energy characteristics allows the equilibrium working point of the system to 
move from flow rate 58 m3/h for water (point A in Fig. 5) to 70 m3/h for surfactant solution 
(point B in Fig. 5). with almost no increase in the power input to the two pumps. If water is 
used in the secondary system, a flow rate of 70 m3/h requires all three pumps to be in 
operation (point C in Fig. 5). 

CONCLUSIONS 

Field tests in a secondary heating network demonstrated that: 

1. When drag reduction in the secondary system reached 30 %, one of three pumps 
could be switched off and the whole secondary network operated with two pumps without 
difficulties. 

2. The maximum decrease of specific pumping energy reached 40.8 % at about 450 ppm 
of Habon G, a surfactant drag reducing additive. 

3. In secondary heating networks, drag reduction does not reach the high values 
observed in primary networks. The difference is caused by the greater number of singularities 
which causes friction losses which are not reduced by the additive. Also in some parts of the 
system surfactant solutions may be "ineffective" because the critical shear stress is exceeded. 

4. For maximum drag reduction, the optimum concentration of Habon G in solution 
was 400 - 450 ppm. This is consistent with laboratory experiments in smaller tubes as well as 
with previous field tests in primary systems; 

5. The secondary heating system had a large surfactant adsorption capability requiring 
introduction into the system of much more surfactant than was actually present in the 
circulating fluid. 

6. No significant effect of the presence of the surfactant drag reducing additive on 
overall heat transfer coefficient was observed. This may be the result of very hot tube walls in 
the heat exchanger or of using older heat exchangers which may have built up scale on the 
metal surfaces which already provide considerable resistance to heat transfer. 

Thus, surfactant drag reducing additives provide excellent potential for energy 
savings. Along with the savings, large benefits to ,the environment can be obtained. This is 
due to the reduced demand for pumping power (use of fossil fuels) and extended possibilities 
for use of surplus heat. On the other hand, potential risks to the environment in case of 
accidents have to be taken into consideration. 
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APPENDIX 

The following equations were used for the calculations: 

Primary heating network 

I& = '41 P c, (tl - t2)11 

Secondary heating network 

I& = &r2 P cp ( t3 - t4)12 

where t 1 temperature of water in inlet into the heat exchanger: 
primary network pipeline (O C) 

t2 temperature of water in outlet from the heat exchanger: 
primary network pipeline (OC) 

t3 temperature of water in outlet from heat exchanger: 
secondary network pipeline (OC) 

t4 temperature of water in inlet into heat exchanger: secondary 
network pipeline (OC) 

P specific mass 

Qv 1 calculated volume flow rate in primary heating 
network  hour) from heat balance 

QVZ measured volume flow rate in secondary network (m3hour) 

Q amount of heat transferred (kW) 

Q = U S  (ATm) 

ATLM - logarithm mean temperature difference 

cp - specific heat of test fluid 
. 

where ATm = ( t l - t 3 ) - ( t 2 - t 4 )  

t 1 - t 3  In - 
t, -t, 

U overall heat transfer coefficient ( k ~ l m 2 )  

S area of heat transfer in heat exchangers (m2) 

Note: for all calculations characteristic values for surfactant solutions were taken as those for 
water at the same temperature. 



Fig. I: Genenl scheme of the secondary lleating network r~secl for field tcst in I<I:ttlno- 
Krocel~lavy at heat excl~nnge station No. PS 67 
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Fig. 2: Schematic diagram of the h a t  cxcl~angcr station ;md inslrurncnls ilscd in I<lad~in- 
I<mcehlavy; t2 - tempcntnrc of n ~ ~ t l c t  watcr from lieat excliangcr: prinli~ry 
nctlynrlc pipeline (OC); t3 - tcmpenturc o l  o ~ ~ l l c t  rvabr fronl heat cxc11;11igcr: 
seconclav nctlvorl< pipclinc (W); t~ - tc111pcl"111re of inlet : I  ill10 1111: Ilr;ll 

cx,.Jlanbc,.: prilllary nclwnfi pipeline (OC); I4 - lc111pcr;l~llr~ Of illkt \v:ltI:I' illt0 
exchanger; sccondnry nctwork pipeline (OC); tz - ~ntsicle temperatarc of ilir 

, (0C); Qv -volume flow retc of water in secondary network (rn3n1); Ap - ~liffcrential 

pressure transdncers (h). 



Fig.3 - Kladno-Krocehlavy Secondary Heating System 
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Total volume of 40 m3. Influence of adsorption of heating network on actual concentration of Habon G. 



Fig. 4 - Record of Initial Experiments - 1st and 2nd Dccen~ber 1994 
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Fi'ie; 5: Effect of drag reduction on the secondary heating system characteristics and the performance 1 
of the pumps 
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Fig.6: Heat transfer paramaters.vs. volume flow rate in primary heating network 
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Properties of a drag reducing micelle system 

J. Mygka and P. Stern 

Institute of Hydrodynamics, Academy of Sciences of Czech Republic, Prague 

f yA--. 
Abstract: Rheological properties of a drag-reducing surfactant were invcsli- 
gated with the intention to find out the influence of shear rate and the dur;~lion 
of shear straining on the Shear Induced Structure. The ability of the surktc1;llll 
to restore the broken drag-reducing network after the decrease of shear strcss is 
well known. This property of reversible change caused by high shear at dilTcrcllt 
flow conditions was compared to a more intensive mechanical strainitip hy 
means of ultrasound. Observations using electronmicroscope and spectro~iiclcr 
are also presented. 

Key words: Surfactant - micelle structure - drag reduction - rheolopic:ll 
properties 

Introduction The long chain molecules of polymers are sub- 
jected to breaking by shear and the degraded 

The phenomenon of drag reduction in a tur- polymer has much less ability to decrease the 
bulent flow in pipes has been studied very thor- friction than the undegraded one. Moreover, ihc 
oughly by a multitude of scientists since it was polymer mechanical degradation is permanent. 
described for the first time almost 50 years ago. 
Mainly two types of drag reducing additives were 
investigated. Polymers were first investigated as Experimental 
effective additives, and later attention was paid 
also to micelle systems [l-31. Each additive has The following instruments were used for lhe 
specific advantages. measurement and observation of the surfactant 

The object of our interest are micelles of some solutions: rotational rheometers Rotovisco RV 20 
surfactants and their secondary networks which and CV 20 N with coaxial cylinder sensors 
are built up during the flow of such a system in (Haake, FRG), transmission electronmicroscope 
a pipe with respect to the ability of the surfactant Geol JEM 100 B (Geol Ltd., Japan), ultrasonic 
to reduce the friction losses in turbulent flow. disintegrator and photon correlation speclro- 
Cationic surfactants are effective as drag reducers meter. 
within limited concentration and temperature The first component of the used additive was 
ranges [4]. This is very important for the possible the commercial product Ethoquad T/13-50 (ET) 
usage in heating systems [5-61. It  is always em- which is produced by Akzo Chemie America. 11s 
phasized that the surfactants demonstrate "a re- composition is as follows: 50% active tenside-lal- 
versible shear degradation", that is, they suffer low tris hydroxyethyl ammonium acetate, 36% 
a mechanical change of the structure in regions of isopropanol, and 14% water. Its molecular weight 
high shear and regain their drag-reducing effec- Mw is approximately 454, specific gravity 
tiveness when the level of shear stress decreases. 0.952 g/cm3 at 20 "C. The second component of 
This behavior is usually ascribed to the break- the surfactant is natrium salicylate (NA) with 
down and reformation of the network structure Mw = 160.11. 
built up from rod-like micelles [7-121. It is cer- Most of our rheological measurements were 
tainly an advantage over the polymeric solutions. carried out with the mixture of ratio ET:NA 

GL 278 
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= 5 mMol/l of active tenside ET : 7.5 mMol/l of 
NA (which was 4.54 g/l : 1.20 g/l in total weight). 

Results 

The euidence of shear-induced structure 

There exist several theories explaining the 
micelle function in drag reduction in the turbulent 
flow. After Hoffmann et al. 9 the rod-like 
micelles make up a lattice in which the rods are 
statistically distributed. Their orientation is arbit- 
rary, but when sheared they become ordered par- 
allel with the stream. Such an oriented structure 
grows from small clusters to the entire flow 
field with the increasing rate of shear. This net- 
work dampens the turbulence. It is broken up 
when a certain rate of shear is exceeded and the 
drag-reducing effect is lost. When the rate of 
shear is diminished again, the oriented lattice 
reshapes. 

Another theory [ l l ,  121 states that the super- 
molecular structure is built up from single mi- 
celles. The rod-like micelles bounce against 
one another, join and form long parallel chains in 
the flow field. A similar hypothesis was expressed 
in [8], with the presumption that the micelles are 
flexible and that the velocity fluctuations perpen- 
dicular to the flow are dampened by long micelle 
chains. With high values of rate of shear the 
chains break, but when the rate of shear is de- 

Shear-induced phase transitions were described 
by several authors [4, 10-121. The shear-induced 
structure (SIS) as a result of growing shear strain 
can also be very well observed by means of 
rheological measurements. The appearance of SIS 
in water solutions of Etna with different concen- 
trations is presented in Fig. 1. As can be seen, the 
viscosity of the solutions decreases at first with the 
rising rate of shear (pseudoplastic behavior), and 
at a certain critical value of the rate of shear 
a sudden increase of viscosity is encountered 
which is caused by the formation of SIS. We 
conclude also that the critical value of the rate of 
shear for the formation of the SIS is smaller with 
the smaller tenside concentration. 

The effect of temperature on SIS is shown in 
Fig. 2; the critical value of the rate of shear de- 
creases with increasing temperature as well as 
with decreasing concentration (Fig. 1). In this re- 
spect the surfactant Etna differs from some other 
described micellar systems [4, 151. Increasing the 
rate of shear beyond the region of the SIS origin 
(above about 1100 s-') there appears again a de- 
crease of viscosity. This region can be called the 
second region of pseudoplastic behavior. Repeat- 
ed measurements unambiguously showed that the 
structural changes due to temperature straining 
are reversible. When measuring the temperature 

creased again, they reform. 
Orthokinetic aggregation of colloidal particles 

is well known. For example, the growth of latex 
particles caused by shearing was studied by Hus- 
band and Adams [13]. This effect occurred at 
rather high shear rates above lo3 s-'. A similar . 
mechanism may take place in aggregation of 

I micelles up to a critical shear rate when the ag- 
gregates break. The computer simulation for ag- 
gregation of sphere-shaped colloids at low shear zs rates was made in [14] with the result of steep 
increase of viscosity (when plotted against shear x 
strain at constant shear rate) at the beginning and 
achievement of the constant viscosity for higher 
values of shear strain. Our measurement (not 0 220 440 660 880 1100 8 is' presented here) of time dependence of viscosity at 

: constant low shear rates proved the quick viscos- ~ i ~ .  I. viscosity curves of Etna solutions with the total 

i 
ity change at the beginning and no time depend- weight ratio ET:NA = 3.78:l and total weight concentra- 
ence after a certain time. tions: 5.74 gp; 4.305 g/l; x 2.153 gn 



Fig. 2. The temperature dependence of viscosity of Etna 
solution with total weight concentration 4.305 g/l 

dependence of the flow curves, control measure- 
ments at 20 "C were performed after each temper- 
ature step. No changes in the flow curves at 20°C 
were observed, thus indicating the good stability 
of the surfactant with respect to temperature his- 
tory (within the range 20-80 "C). 

Not only the magnitude of the rate of shear 
influences the rheological properties of the surfac- 
tant, but also the duration of application of the 
shear rate reveals similar effect. To prove this two 
flow curves measured with Rotovisco RV 20 are 
drawn in Fig. 3, the one of fresh sample and the 
second flow curve measured after straining the 
sample for 60min by constant rate of shear 
j = 200 s-'. As can be seen, the flow curve of the 
strained surfactant reaches higher shear stresses 
than those of unstrained surfactant. However, re- 
peated measurements of flow curves showed that 
the structural changes due either to small shear 
straining or its short duration ai.e reversible as no 
permanent changes in the flow curves were ob- 
served. 

Breaking of the secondary micellar structure 

As we mentioned above, there is a generally 
accepted idea that the secondary micelle network 
system breaks at a certain level of shear strain 
but that it reshapes again when the strain loaded 
on the solution decreases. The system is able to 

Colloid and Polymer Science, Vol. 272 . No. 5 (1994) 

Fig. 3. The flow curves of Etna solution (5.74 g/ l )  at 20°C. 
Solid line: fresh sample; dashed line: after 60 min shearing at 
t = 200s-' 

regain the drag-reducing properties. However, 
this concept does not apply to any mechanical 
strain which we proved by measurement of the 
influence of ultrasound application 1161 on the 
rheological properties of water solution of Etna. 

The solution (of 0.574% weight concentration) 
was strained by ultrasound in a 100 ml beaker for 
2 or 8 min. The steady shear viscosity curves were 
measured before and directly after the exposure to 
ultrasound and again after 3 days of rest. All 
measurements were done at the same temperature 
20°C and the results are shown in Fig, 4. The 
influence of ultrasound is easily seen there; the 
viscosities of solutions after the straining are 
lower than those before straining. Figure 4 proves 
that the secondary micellar structure changes due 
to ultrasound load. This change is not reversible 
because the flow curve measured 3 days after 
straining is almost the same as the one measured 
immediately after straining. The flow curves of the 
strained sample at different temperatures are 
shown in Fig. 5. In comparison with the temper- 
ature influence on the flow curves of the un- 
strained surfactant, the strained sample viscosities 
are always lower. 

The acoustic power at the top of the concentra- 
tor of the ultrasound generator was 40 to 50 W 
and the energy input to the solution during 2 min 
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Fig. 4. The viscosity curves of Etna solution (5.74gfl) at 
20°C. + fresh sample; 0 after 2 min straining by ultrasound; 
0 after 8 min straining by ultrasound 

Fig. 6. The viscosity curves of Etna solution (4.305 g/l) at 
20 "C. - fresh sample; after 2 min straining by ultrasound 

Fig. 5. The flow curves of Etna solution (5.74 g/l). 0 fresh 
sample; + sample measured immediately after straining by 
ultrasound; all other symbols are temperature-dependent 
flow curves of the strained sample measured after 3 days' rest 

was 4800 Ws, which equals the specific work of 
32 Ws/g. Part of energy input is the heat loss. 

The viscosity curves are shown also in Figs. 6 
and 7. The viscosity after ultrasound application 

Fig. 7. The viscosity curves of Etna solution (2.87 g/l) at 
20% -fresh sample; after 2 rnin straining by ultrasound 

is always smaller than the one before application. 
Longer application decreases the viscosity even 
more (see Fig. 4). The flow curves after 3 days' rest 
do not change. This proves that the partial perma- 
nent change of the micelle network by means of 
very intensive mechanical straining is possible. 

' 
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The influence of other types of mechanical 
straining is now being investigated. 

Observation in electronmicroscope 

One author has observed [17] the shape of 
particles of a surfactant Sean, which is a mixture 

Fig. 8. Electron micrographs of observed dried micropar- 
ticles of Etna solutions. The line segment equals I pm. a) and 
b) concentration 0.544%; c) and d) concentration 0.1435%. 

of carbo ethoxy pentadecyl trimethyl ammonium 
bromide with 1-naphthalene. This surfactant 
proved to be a very effective drag reducer at room 
temperature [8]. A similar procedure as in 1171 
was used in the observation of the surfactant Etna 
presented here. 

Observation was done in a transmission elec- 
tronmicroscope Geol JEM 100 B. The applied 
voltage was 60 kV. The microscopic preparations 
for observation were made in such a way that 
the solution was either dropped or finely sprayed 
on the underlying collodion film. In Fig. 8 are 
shown different shapes of observed particles from 
the dried surfactant Etna. The dried samples do 
not necessarily correspond to the true wet mi- 
cellar or network structure. Both shape and 
size of oberved objects are remarkably simi- 
lar to the ones from drag-reducing surfactant 
Sean r171. 

Hydrodynamic radius of micelles 

The size of micelles at rest was measured by 
means of quasielastic light scattering. The dis- 
tributive functions of hydrodynamic radius R, of 
micelles were obtained by Laplace transform from 
autocorrelation functions of intensity of the scat- 
tered light. Three different concentrations of Etna 
were tested as shown in Fig. 9. Only a very small 
influence of concentration on average values of 
RH was determined. 
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Fig. 9. The hydraulic radius R,  of micelles measured by 
means of light scattering and its dependence on concentra- 
tion of Etna solutions. 

Conclusion 

Cationic surfactants are effective as drag re- 
ducers. It had been found that the micelles form 
the SIS at a certain value of rate of shear. This 
structure was confirmed by the rheological invest- 
igation of the water solution of Ethoquad T 13/50 
with natrium salicylate. 

It is known that the secondary network struc- 
ture, which is responsible for the drag reduction, 
suffers changes in regions of high shear, and the 
network reshapes again when the level of shear 
stress decreases, thus demonstrating the ability of 
reversible change of network. It was proved that 
this surfactant mav also disulav a uermanent 
change of viscosity 'curve by ~ l t r ~ s o u i d  applica-. 
tion. 

We have pointed out a remarkable similarity 
between the shape and the size of observed dried 
structures of two different surfactants: carbo 
ethoxy pentadecyl trimethyl ammonium bromide 
with 1-naphtalene and tallow tris hydroxyethyl 
ammonium acetate with natrium salicylate. Both 
surfactants are effective drag reducers. The size of 
micelles of Etna at rest as measured by light 
scattering is approximately 0.05 pm. 
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1. INTRODUCTION 
The world-wide use of district heating for spacc heating is increasing as i t  can 
provide an environnientally acceptable low-priced supply of energy. By 
utilizing waste heat from cogeneration plants, it increases the efficiency of fuel 
utilization under controlled and monitored operating conditions. 

'rile high investment costs of the heat transport and distribution network with 
only partial utilization during the year make district heating systems less 
attractive SO that it is important to reduce their investment and operating costs. 
A promising possibility is t o  use surfactant drag reducing additives i n  district 
heating systellis. Tbese.additi\,es can reduce power requirements in an esisting 
systeln o r  reduce invcstmcnt costs by utilizing slnallcr dianietcr distrilxttio~~ 
systems and/or smaller capacity pumps. 

Many cationic surfactant-counterio~~ systems form niicrostructures which arc 
highly effecti\,c in reducing turbulent friction t ~ p  to n critical shear strcss sbovc 
which the structures are degraded and iluid bclia\,cs as  a Newtonian fluid with 
no friction reduction. If the stress is reduced below tlie initial point the structusc 
is reformed and the friction reducing ability is restored [I]. 

2. EXPERIMENTAL 
Measuremeotc were made on two (: quarterna~.y ,.-.,<- .A .-' a~ii~~ioniuni-cou~ltel-ioii systcnis. 
Habon G @$ ~metliY"f'k~droxyethyl.~-hydsoxy 2 naplitoate),was do~ ia ted jy  
ljocchst Gmhl,. F.R.G. Bthoqoad O / I ?  ( t ~ ~  ~ ~ i i e t 1 ~ y ~ z ' 3 i ! ~ i 3 d i i i t i ? ~ f  w- production of AKZO Chemicals. (J.S.A.) wasusal  at a concc~itr;~liori 
of 5.0 milli~nolcs pcr liter with an e s c c s  ofsodilliii snlicylnte(l2.5 milli~nolal-). 

'l'lie test sections for the drag reduction measurements on t l a h o ~ ~  G i n  thi 
Prague laborato~y consisted of straight stainless steel tubes, of diffcren 
diameters (4, 6, 10 and 20 mm) cach 5 rn long witli its own flowliicter ;in( 

pressure measuring system. The construction of the laborato~y pipe test loo1 
systeni pertnits the drag rcduction measurements to be carried out i n  two ways 
For ordinary evaluation of drag rcduction once through measuretiielits werc 
made. The second possibility was to connect different sizes of tubes into smal 
simple networks (parallel tubes) to evaluate the influence of the network or 
drag reduction. Control tests were mn'on Piague tap water (used for all tests. 
and coliiparcd with the Prandtl-von Kirman rriction kctor re la t ion .~sul ts  i b r  f water at all temperatures showed excellent agreement with values prcd~ctcd 
from this equation. All surfactant additive experiments were carried out at threc 
temperatures - 20,40 and 60" C. The duration of each test was 15 hours. 

The tests on the Ethoquad 0112 were carried out in the Ohio State University 
testloop in stainless steel tube of D = 6.2 mm and test section length of 0.5 m. 
. . . . '  h ,. 1 .  A .  \ L C :  . . 1.:. 1 .  

, . ..i:-:. / 
~:'E~~LTS.A~~$DISCUSS~ONS 
The date for all experiments showed strong temperature influence, i.e. as the 
temperature increased the maximum solvent Reynolds number at which 
significant drag reduction occurred also increased up to a maximum critical 
temperature. For Ethoquad 0112, Fig.] shows that drag reduction is observed up 
to higher solvent Reynolds numbers as temperature is incrcased until thc 
rnasiniuni efkctive tcmperatilrc of40" C for this system is reachcd. 

Olic of  tlic ~iiosl intcrcsting cfl'ccls obscrvcd in studies o l  dr:jg rc(luctio~, 
polyincrs is the "diameter effect". This refers to the fact that for a given fluid 
and Reynolds number, the friction (except in the maximum drag reduction 
asymptote regime) is a function of the diameter of the pipe, i.e. for a given 
polymer and coiiccntration, drag rc(luction at a given llcyt~olds nutnbcr is 
grcatcr ill small pipes. This is, of course, not the case with Newtonian fluids for 
which tlie pipe diaiiieter is already taken fully into account by the Reynolds 
number. 

Drag rcduction data for 0.05 O/o I-lnbon (i solutions arc sliow~i i l l  Fig. 2. for five 
different pipc dialnetcrs. At high values of the wall sliear stress. thcsoli~tion 
becomes il~effective for drag rcduction and behaves like the solvent. Becausc of 
tlic high wall shear stresses ill the small tubes, the influence of pipe diameter is 
strong, i.c. witli incrcased pipc sizc, drag rcduction increases as docs tllc rangc 
of' Reynolds number in which the surfactant is effective because tlic critical wall 
shear stress for mechanical degradation is exceeded in the small tubes at 
~iioderate Reynolds numbers.. This is contrary to results for polymer additivcs 
where drag reduction incrcased with decrease in pipe sizc. 
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Fig.1 - Influence of temperature om drag reduction efficiency; surfactant 
Ethoquad 0112 +Nasal ,  concentration 5.0112.5 mM, D =  6.2 mm 

Fig.2. - Changes of drag reduction in different pipe sizes under isothermal 

conditions, Habon G of 0.05 %, t = 20 OC 

For all surfactants at all concentrations that were studied in single tubes, the 
results fall into two distinct groupings; one of the smaller size tubes: 4 and 6 

mm, and the other, the larger tubes 10 and 20 mm (it is also possible to includr 
the results from the large pipe D = 39.4 mm, in this group). In the smallc~ 
tubes the critical wall shear stress was reached at low Reynolds number but 
sharp changes in drag reducing effectiveness in a narrow range of Reynold$ 
number were not observed. But in the cases of the 10 and 20 mm pipe sizes 11 

was possible to see typical surfactant drag reduction additive behaviour In 
which the stress causes breakdown of microstructure of the lnicelles when thc 
shear stress exceeds a critical value with a relatively sharp increase in pressure. 

It is not clear why drag reducing data fall into two groupings. One possible 
explanation is related to the differences in the shapes of the velocity profiles 
with surfactant and without surfactant [2]. Velocity profiles in drag reducing 
micellar solution systems are quite flat in the central region. In the smaller 4 and 
6 mm tubes, the microstructure size may be large relative to the distance from 
the wall at which the expected steep portion of the profile should lie, thus 
interfering with the development of the profile. 

:L , 
Very interesting results appeared when drag reduction effect of Habon G in a 
simple network was studied, Fig.3. The results show that the pipe network has a 
strong influence on drag reduction in the 4 mm tube, i.e. drag reduction zone 
and the effect are increased in the 4 mm tube when it is in parallel with the 10 
mm tube, in comparison with a single 4 mm tube system. The drag reduction 
effect in the I0 mln tube is constanl, however, without change compared with 
(he valucs in a single tube. The diameter ratio between the tubes connected in 
the system should be greater than 2.5 for a change in drag reduction 
effectiveness of the small tube. For smaller ratios between the tubes, 
improvement in the drag reduction in the smaller tube was not observed. 

To better understand the influence of a complicated network system onoverall 
drag reduction, a field test was run on the secondary heating network of one 
typical Czech housing estate: Kladno-Krofehlavy [3]. During the field 
experiment the concentration of Habon G was incrementally increased !O times. 
Results from analytical investigations of concentration showed a large 
difference between the actual concentration and the calculated concentration 

,.S.'L,<, 
based on the amount of injected additive, which \IPds caushd by adsorption of 
surfactant on the walls. The initial difference was largk with only 7 ppm in the 
system despite dosing at a calculated level of 106 ppm. After the last dosing, the 
calculated concentration was 1378 ppm and the actual concentration was 623 
ppm. Only a minor part of this difference can be attributed to leakage. 

Normal operation of the secondary system in Kladno-Krofehlavy used three 
centrifugal pumps which provided an adequate supply of hot water to the 
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Abstract. There is considerable interest in the use of viscoelastic cationic surfactant-counterion 
mixtures in district heating and cooling systems.to reduce pressure losses. A recent field test in a 
secondary system near Prague showed a 30+% reduction in pumping energy requirements. 

We have studied a number of commercial surfactants and we report here results of rheological, 
drae reduction and turbulence measurements on Arquad 18-50 (octadecyl trimethyl ammonium 
~ h l k i d e  (All lb)) uith an cxcess of sodium s ~ l i z y ~ + t c  ( N A ,  The concen~r3lion studied was 1.6 mM 
AR 18 3nd 4.0 mM NA \<hich IS about on2 third thr con:en~r~lion fi)r ex::llent d r a ~  reduction in t h ~ s  
surfactant's effective temperature range 30-90°C. 

Viscosity, v, vs. shear rate, D, first normal stress difference, N I ,  vs. shear rate, drag reduction (as 
pressure drop, i = AP/1)  vs. average velocity, UaVc, in a 39.4 mm tube for AR 18, and turbulence 
intensity data for three drag reducing surfactants are reported. 

Of particular interest are the generally low turbulence intensities in all three directions which 
correspond to reduced heat, mass and momentum transfer rates compared to water, and the existence 
of larie norm31 stress diiferences at 20°C for AR 18.3 ternperlure 31 which no drag reduction occurs 
with this surfactant, indicating th3t norm31 stress eficcrs do no1 correlate dirrctly with drag reduction. 

The effect of time of pumping on increasing drag reduction den1onstr3ter that this factor over- 
whelms the expectcd incrrasc m d n g  reduction as irmpemturc is raiscJ from 18-19°C to 40.S°C. 

Key words: cationic surfactant drag reduction, shear induced stlucture, viscoelasticity, turbulence 
intensities 

Introduction 

In the past several years, there has been considerable interest in the use of low 
concentration, viscoelastic cationic surfactant-counterion mixtures for reduction of 
pumping energy losses in district heating and district cooling systems. Field tests 
in Germany [I], in Denmark [2], in Ukraine [3], and in the Czech Republic [41 
were made. For example, in a small secondary system in Kladno-KroEehlavy near 
Prague, pumping energy requirements were reduced by one third when a surfactant 
drag reducing additive was injected into the loop [4]. Even larger reductions have 
been observed in primary systems having long straight stretches of pipe [I]. 

There are, however, a number of uncertainties regarding how surfactant drag 
reducing additives affect drag reduction and turbulence structure, and what influ- 
ence shear induced structure (SIS) and other rheological properties such as normal 
stresses have on drag reduction. 
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Arquad 18-50 (C18H37-N-(CH3)3C1) contains 50% surfactant dissolved in a mix- 
ture of water and isopropanol and is easily dispersed in water as is Ethoquad 
T/13-50 (Tallow-N-(C2H40H)3Ac) which also contains 50% surfactant. Both were 
donated by Akzo Chemical Co. Compared is also Habon G [C16H33-N-(CH3)2- 
(CzH40H).(3-OH-2 naphtoate)] which was donated by Hoechst AG and contains 
53% active matter. All concentrations of surfactants given below are concentrations 
of active matter in distilled water unless noted otherwise (which is a well defined 
solution for rheological measurements). 

Measurements of shear viscosity and first normal stress differences were made 
with a Haake rheometer Rotovisco RV 20 and CV 20 N with a 2' cone-plate system 
and also with a coaxial cylinder system [5]. 

Pressure drop measurements were made in a 39.4 mm ID glass tube recirculation 

beams. The rate of flow was controlled by a level gauge connected with electric 
timer installed in a collecting tank. LDA optics assembled from standard Dantec 
components were mounted together with the Argon-ion laser (Coherent INNOVA 
70) on a remote controlled xyz support. Evaluation of the forward scattered Doppler 
signals was performed by Dantec Burst Spectmm Analyzer BSA which makes 
possible more precise measurements than Particle Dynamic Analyzer which we 
used in our earlier measurements. The total length of tubing was approximately 
16 m, the total system volume was 520 liters. Circulation was by a centrifugal 















VISCOELASTICITY OF A SURFACTANT 

While drag reduction has been attributed to the viscoelastic nature of high polymer 
and surfactant solutions, there is no consensus on which viscoelastic characteristic 
is responsible for the phenomenon. It has been postulated that hlgh extensional 
viscosity which would inhibit the axial stretching flows involved with near wall 
eddy propagation is the key factor. Unfortunately, techniques for measuring exten- 

1 sional viscosity in dilute, low v~scosity solutions are not yet available to test the 
hypothesis. What is clear from data, however, is that NI, the first normal stress 
difference is not the viscoelastic characteristic that causes drag reduction. 

The amount of drag reduction observed increased with time of pumping (amount 
of shearing) in these experiments, suggesting that measurements at 32, 40.5 and 
35.2"C probably would have showed high drag reductions at higher velocities 
(higher critical wall shear stress for breakdown of structure) if the solution had 
been sheared (pumped) for a longer period of time before measurements were 
made at these temperatures. However, we believe that an ultimate efficiency at 
a certain point will be reached (in the similar way as the ultimate viscosity is 
approached during pumping in a closed loop which was shown in 1101). 

Note that even at the lower 1.614.0 mM concentration the 38'C data lie below 
the maximum drag reduction asymptote for polymers until the critical wall shear 
stress is exceeded at about 2.5 m/s. 

TURBULENCE INTENSITIES 

Turbulence intensity profiles in three directions for Habon G ( 2  mM), ET 13 
(2.5 rnM) plus NA (6.25 mM), AR 18 (1.6 mM) plus NA (4 mM) and water are 
shown in Figures 8a-c. The data are reported as the ratio of root mean square of 
local velocity component fluctuation to local mean velocity. In approximately the 
same Reynolds number range, tangential intensities for all these surfactants are 
lower by one half to two thirds than those of water. Similarly, the radial intensities 
were reduced to 20-30% of the water values. Longitudinal turbulence intensities 
are lower than those in water in the central region of the velocity profile. 

These measurements were made at a range of concentrations and velocities at 
which the maximum drag reduction for the Habon G and AR 18NA solutions 
was reached and where the maximum drag reduction asymptote for polymers was 
exceeded. The measurement of turbulence intensities for ET 13NA solution was 
made at lower drag reduction levels [IS] above the Virk maximum drag reduction 
asymptote. We can clearly see in Figure 8 that curves of turbulence intensities of 

1 ET 13NA solution rise sharply at a greater distance from the wall than those of 
AR 18/NA or Habon G. This is most pronounced in the longitudinal turbulence 

1 intensities which exceed those of water when r / R  exceeds 0.9. The flow regimes 
with higher levels of drag reduction maintain lower intensities than ET I 3 N A  close 
to the wall. Some of the turbulence intensity results for Habon G were reported 
earlier 161. Together with new, more extensive measurements, they are shown here 
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Conclusions 

1. The used surfactant solution AR 18NA shows a high zero-shear viscosity 
followed by shear thinning and then by a shear-induced sttucture at high shear 
rates which is probably caused by alignment of micelle aggregates and is 
accompanied by increased effectiveness in drag reduction. 

2. Drag reduction, exceeding predictions of the Virk maximum drag reduction 
asymptote, is observed with this cationic surfactant-counterion solution. 

3. Significant normal stress differences exist at temperatures where no drag reduc- 
tion is observed for AR 18NA solutions indicating that the existence of first 
normal stress differences does not necessarily lead to drag reduction. 

4. The value of the first normal stress difference decreases with temperature in 
AR 18NA solutions while drag reduction effectiveness increases with temper- 

5. AR 18NA in tap water has higher N1 values than in distilled water, which may 
be due to larger micelles in tap water. 

6. Tangential and radial turbulence intensities for drag reducing surfactants are 
much lower than those for water. Axial (longitudinal) intensities may be higher 
or lower than those for water depending on the radial position. 
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New Limiting Drag Reduction and Velocity Profile 
Asymptotes for Nonpolymeric Additives Systems 

Jacques L. Zakin 
Dept. of Chemical Engineering, Ohio State University, Columbus, Ohio 43210 

Jiri Myska and Zdenek Chara 
Inst. of Hydrodynamics, Czech Academy of Sciences, Prague, Czech Republic 

Reduction of friction losses in turbulent flows caused by 
the presence of low wncentrations of aluminum disoap and 
high polymer additives was first reportedabout fifty years ago 
(Mysels, 1949; Toms, 1948). Since then there have been a 
large number of studies of drag reduction, most of which used 
high polymers, and several excellent reviews exist (Patterson 
et al., 1969; Hoyt, 1972; Virk, 1975; Sellin, et al. 1982a,b; 
Hoyt, 1986; Shenoy, 1984). High polymer additives have found 
important niche applications in crude oil and petroleum 
product transport (Burger et al., 1982; Motier et al., 1984), in 
fire fighting (Union Carbide, 1966), in increasing sewer flows 
(Sellin, 1977) and in jet cutting (Summers and Zakin, 1975), 
Virk et al. (1970, 1971) proposed equations for a limiting 
maximum drag reduction asymptote for high polymers and 
also for an elastic sublayer velocity profile limit. We show 
here from our experimental data and from those of a number 
of other investigators (Fankhanel, 1991; Weber, 1990, Al- 
thaus, 1991; Ohlendorf and Schwan, 1984; Pollert et al., 1993; 
Myska and Vlasak, 1988; Sylvester and Smith, 1979; Myska 
and Vocel, 19777; McMillan et al., 1971) that both limits pro- 
posed by Virk are not valid for aqueous surfactant and alu- 
minum disoap in hydrocarbon systems New limiting equa- 
tions for them are proposed. These different behaviors sug- 
gest that the mechanism for high polymer drag reduction is 
probably different than that for micellar systems. 

Polymer effectiveness is dependent on the presence of high 
molecular weight species which limits their applications be- 
cause of the susceptibility of high molecular weight wmpo- 
nents to degradation in high shear flows or extensional flows. 
The former are enwuntered when passing through pumps 
and the latter in expansion or contraction flows. Thus, high 
polymer additives are limited to once-through flows and are 
not suited for recirculation systems. 

In the past decade, considerable interest has developed in 
nondegrading or "repairable" drag reducing additives for use 
in district heating and ml ing  systems to lower the pumping 

Cnrupondena Eooesming ths nRi& should be d r d  lo I. L Zn)ria 

energy requirements (Rose et al., 1984; Pollert et al., 1994). 
In district beating systems, cogeneration or waste heat sources 
are used to heat water in a primary loop which circulates the 
hot water to heat-exchange stations. The heat exchanged to 
secondary loops provides hot water to heat nearby buildings 
or to heat hot water for household use. They are widely used 
in northern and eastern Europe, and their use in the U.S., 
Canada, Japan, and Korea is expanding. District heating sys- 
tems conserve energy because of their use of waste heat and 
centralized production and distribution of heat, and their 
elimination of often inefficient burners in individual build- 
ings. Thus, they reduce the amount of fossil fuel burned. Dis- 
trict cooling systems operate in a similar manner. 

Most promising are cationic surfactants of the quaternary 
ammonium type with appropriate organic counterions. Under 
the right conditions of surfactant/wunterion chemical struc- 
tures, ratios, concentrations and temperature, they form rod- 
like micelles. The resulting microstmcture imparts viscoelas- 
ticity to the solution. The microstructure is mechanically de- 
graded when passing through a high shear pump such as a 
centrifugal pump, but the structures reform quickly no mat- 
ter how many times they are broken up by shear. Though 
surfactant drag reducing additives require higher wncentra- 
tions than high polymers, their long life and greater potential 
percent reduction in energy foss make them very attractive 
for recirculation flows. 

Virk et al. (1970, 1971) examined friction factor and veloc- 
ity profie results for a large number of high polymer solu- 
tions, mostly but not all, in water. They noted that at rela- 
tively low wncentrations many solutions reached lower limit- 
ing values in their frictions factor-Reynolds number data. 
Virk et al. (1970) propused an equation for the limiting maxi- 
mum drag reduction asymptote (MDRA). The limiting equa- 
tion is independent of polymer species, molecular weight, and 
concentration. The equation, often referred to as the Virk 
MDRA is 
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Figure 1. I vs. Re. 
(1) Our data for water; (2) our data for Habon G, Ethoquad 
T/13/50 (t?llaw tck-hydraxyethyl ammonium acetate) with 
sodium salicylate (1.45 mMp.9 mM) and Arquad 18/50 (oe- 
tadecyl trimethyl ammonium acetate) with sodiuh salicylate 
(1.6 mM/4 mM) in water; 0) data of FankhBnel(1991). Wc- 
bcr (1990). and Althaus (1991) for Habon G ,  Dobon G and 
Obon G (CqH,,, C,,H,, and CuH,5 dimethyl hydrox- 
ycthyl ammon!umJ hydroni-2 naphthoate) in watcr;(4) data 
of Ohlendorf and Sehwarz (1984) for Habon (hexadecyl 
trimethyl ammonium-3-hydroxy-2 naphthoatc) (1,004 ppm) 
in water; (5) (6) data of Pdllert, ct a1 (1993) for Habon G (2 
mM) in water;(7)data of Myska and Vlasak(1988)for SEAN 
(a 1.2 g/L mixture of Carboxy pentadecyl trimethylammo- 
nium bromide, commercial septonex and a-naphthol) in ws- 
tcr; (8) 19) (10) data of Sylvester and Smith (1979) for alu- 
minum dialkyl phosphate i3W ppm) in kerosene; (11) data 
of Myska a n d  Vocel (1977) for SEAN (1.55 g/L) in water; 
(12) data of McMillan et al. (1971) for aluminum dirtcarate 
( 6 , W  ppm) in toluene; .....- limiting drag reduction curve for 
surfactants and aluminum disoaps. 

where f is the Fanning friction factor and N,, is the Reynolds 
nuniber. A number of hivestigatoa using surfactant dt.ag re- 
ducing additives ahd aldminum disoaps have observed k c -  
tion factors which lie below the Virk MDRA. bata for 1,000 
ppm Habod G (hexadecyl diiethyl hydrqethyl ammonium- 
2-hydro*-3-naphthoale), foi. several other dilute aqueous 
sltrfactant holutions, add for two alitminua d i i a p  additives 
in hydrocatban solvents ate show iii i; in each of 
these sptems, friction factor &ta s igni f i~ t ly  below the V i i  
Mdk4 &te. observed. A litnlting curve which envelope& these 
datais show in Eigufe 1. its eqkation is 

where the Colebrwk White friction factor A - 4f. 
Vitk also noted that tlie mean velbcity profile id tutbulent 

pipe flow underwent changes as concen&tion of polymer in- 
creased. An extended steep elastic sublayer region developed 

outside the viscous wall region (yf ( r 11.6). Still further from 
the wall, a core region profile extended parallel to the New- 
tonian solvent core profile to the center of the pipe. Eventu- 
ally, at high concentration, the steep region prevails across 
the entire core (see Virk elastic sublayer in Figure 2): The 
equation for the elastic sublayer asymptotic velocity profile 
region for high polymer drag reducing systems is 

where u f  is mean local velocity divided by friction velocity 
and y +  is dimensionless distance from the wall. This steep 
region across the entire profile is associated with the MDRA 
(Eqs. 1 and 2). 

Shown on Figure 2, along with Virk's mean velocity profile 
asymptote, are u+ vs. yf data we have obtained for a 500 
ppm solution of Habon G at several Reynolds numbers. The 
velocity profile data away from the wall (y+ > 15) are much 
steeper than the high polymer asymptote. At high values of 
y+, which increase with Reynolds number, the profiles bend 
over and the core region is horizontal. Similar results are ob- 
tained with 1,000 ppm Habon G solutions. The limiting equa- 
tion for the elastic sublayer profile for those data is 

The steep velocity profiles of the surfactant solutions are ac- 
companied by friction factors which lie below the MDRA. 
They indicate a mixing length constant of about 0.02, even 
smaller than the 0.04 of Eq. 5. Drag reducing surfactant sys- 
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tem vekxity profiles steeper than that predicted by Eq. 5 have Motier, I. F., D. I. Prilutski, Z-J Shanti In, and R. I. Kostelnik, 
& been observed by Bewendofif and Ohlendorf (1988) and "Polymeric Drag Reduction in Petroleum Products,"Paper F-3, in 

and m i e l  (1993). so 53.9 may not be the ulti- Pmc. 3rd Int. Cant: on Dmg Reducrion. R.HJ. Sellin and R. T. 
Moses, eds., Univ. of Bristol (1984). 

mate dope. Myska, J., and I. Vocel, "The Flow of Model Suspension with Com- 
Thra, there are  significant differences in limiting Friction plen Soap in a Tube," Vodohosp. Cot, 25, 74 (1977). 

faUors and velocity profiles between high polymer drag re- Myska, I., and P. Vlasak, "Flow of Capsules in a Drag Reducing 
dudng solutions and surfactant and aluminum &soap solu. Liquid,"Commun. Imt. Hyydmdy (~mhn) ,  1% 57 (1988). 

Mysels, K I., "Flow of Thickened Fluids," U.S. Patent 2, 492, 173 tiorn. Tbir strongly suggests that the mechanisms for drag (1949), 
r edua iw are  different for high p o l p e I S  and for surfactants Ohlendorf, D., and G. M. Schwa- "Mindenmg van Rohrrel- 
and soam. T h e  reasons for this are  not clear. but mav be  due  bun~sverlusten durch lanezeitstabile Additive." Reoort of Hoechst 
to netwbrk structures formed under mild shear by ;he rod- ~G-and  ~ ~ v - ~ e m w ~ r m k G m b H  (1984). 
shaped micelles in these systems. Cryo-TEM micrographs of PaEerson, G. K, 1. L. a k i n ,  and I. M. Rodriguez, "Drag ~ e d u c -  

tion: Polymer Solutions and Solid Particle Suspensions in Pipe 
at ionic  sutfactant/counterion surfactant systems similar t o  Ind Eng, Chem,, 61, 22 (1969), 
some of those shown in Figure 1 show tight networks of Pollert, J., P. Komrzy, A. Vozenilek, and I. L. Z a k i ~  "Influence of 
branched and connected thread-like micelles (for examole. Pipe Diameter and Temperature on Efficiency of Drag Reducina 
see ~i~ 1, ~ ~ ~ i , j  et al,, 1990). nese have been ~"rfactants," Pmc. ~iblick Conj on Fluid ~ e c h .  and ~ j d m d ~ n  E/- 

fecls of Biosphere, Institute of Hydrodynamics, Prague (Sept., 1993). 
shear-hduced-st~ctures  in which tangled networks of long Pollert J., L. akin, M ~ k a ,  and P. Kratochvil, of Friction 
micellar worms are  formed. The  nehvork structure must be  Reducing Additives in District Heating System Field Test at 
more effective than even MDRA polymer solutions in reduc- Kladno-Krocehlavy, Czech Republic," Pmc. Int. Dintict Heatingand 
ing turbulence production and turbulent eddy generation. Cooling Conf. Seattle, 85, p. 141 (1994). 
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MAXIMUM DRAG REDUCTION IN A PIPE FLOW ACHIEVED 
BY SURFACTANTS 

Significant reductions in frictional energy losses or increases in 
throughput in turbulent pipe flow can be achieved by the addition of 
small amounts of drag reducing surfactants to the liquids.They are 
prospective additives for use in recirculation loops of city district heat- 
ing and cooling systems. Velocity profiles and velocity fluctuations in 
three directions were measured by means of LDA in a tube of ID 39.4 
mm. Low-molecular surfactants showed greater effectiveness in reduc- 
ing pressure drop than the other well known additives, high-molecular 
weight polymers. An envelope of rnaximum drag reduction achieved by 
surfactants was established using results of other researchers. 

KEY WORDS: Turbulence, Drag Reduction, Velocity Profiles, Surfac- 
tants. 

Jil'i MySka, Zdenck Chira ,  Jacques L. Zakin: Maximalni sniieni tie- 
ni dosaienk pfi proud6ni micelirni povrchovz aktivni 1Atky potrubim. 
Vodohosp. Gas., 45, 1907, 3; 22 lit., 13 obr. 

PFidavkem mal4ho lnnoistvi nZkter4 povrchovE aktivni micelarni 
latky do kapaliny mbie b$t dosaieno vyznamn6ho sniieni ztrat pii 
turbulentnim proudeni v potrubi. Tyto Iktky sniiujici tieci odpory jsou 
zkourniny jako perspektivni aditiva pro pouiiti v uzavPenych topngch 
a chladicich syst6mecl1 mEst. 

Byly ~nBFeny rychlostni profily a fluktuace rychlosti ve tiech sm& 
rech pomoci LDA v trubici premzru 39,4 mm. Mcieni ztrat ukizalo, ie 
nZkter6 micelarni l i tky maji ve t3  schopnost suiiit ztraty nei znime po- 
lymer~ .  Byla urFena obalka nejv6tSich sniieni tieni pomoci micelirnich 
Iatek dosud v odborn6 literature publil<ovan$ch. 

I<L~COVA SLOVA: sniieni tfeni, rychlostni profil, turbulence, povr- 
chovE: aktivni litky. 

Jiri MySka, ZdenEk ChLa, Institute of Hydrodynamics, Acad. Sci., Pod Patankou 5, 
166 12 Praha 6, Czech Republic. 

Jacques L. Zakin, Ohio State University, Dept. of Chemical Engineering, 140 W 
19th Ave, Columbtls, OH 43210-1180, USA. 
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I n t roduc t i on  

The phenomenon of active drag reduction by means of an additive was 
discovered about fifty years ago. Significant reductions in frictional energy 
losses or increases in througliput in pipe flow can be achieved by addition of 
small amounts of drag reducing additives in the liquid. Drag reduction by 
high-molecular weight polymers has received a great deal of attention with 
hundreds of publications. However, low-molecular weight cationic, anionic 
and nonionic surfactants have also been found to be good drag reducers 
and particularly efficient cationic surfactants have been studied intensively 
in the past few years. 

Both kinds of additives have specific advantages and disadvantages. 
An important advantage of surfactailts is their property of immediately 
regaining drag reduction effectiveness after its loss due to high sbear stress 
soon after the shear has been decreased. A second advantage of surfactants 
over polymers is their ability to achieve a higher level of drag reduction, 
although a t  the cost of higher concentration. A third important property 
is their effectiveness at  high temperatures. 

Surfactants have been investigated in our laboratories with the aim of 
using them in recirculation flows such as city district heating and district 
cooling systems. The great disadvantage of surfactants is their disposition 
to create rich,foam when free surfaces are exposed to the atmosphere but 
this is not a problem in closed loops. We have tested a surfactant in a 
secondary heating system supplying heat to more than 300 apartments 
in a sinall town near Prague during the winter 1993-94; pumping energy 
requirements were reduced by one third when the drag reducing additive 
was injected into the piping [15]. A detailed description of the test is given 
in [6] .  

Fric t ion coefficient i n  t u rbu l en t  fiow 

The well known equation for turbulent flow of water in smooth pipes 
is 

where the Fanning friction coefficient is defined by 



Maximum drag reduction in a pipe flow achieved by wrfactants 

Here the tube diameter is D, pressure drop is i = Apll, and u is the cross- 
sect,ional average velocity of the liquid with density p. 

Many research results published on drag reducing effectiveness of high 
polyiners agree that  there is a maximum pressure reduction t,llat these addi- 
tives can achieve. Several maximum drag: reduction curves either in Prandtl- 
I<arman coordinates (l/JT, R e d )  or simply in coordinates (f Re) have 
been proposed. For example C a s t  so  and S q u i r e  141 proposed the equation 

The next widely recogllised equation is the V i rk  1171 inaxilnum drag re- 
duction asymptote (m d r a)  

I 
- = 19log ~ e f i  - 32.4 JT 

which can be approximated also by the equation 

f = 0 . 5 9 ~ e - ~ . ~ ~  

for Re = 4,000 to  40,000. All published experiments done with polymers 
have confirmed that  this equation really marks the inaxilnum drag reduc- 
tion effectiveness in diluted polymer solutions. The slope of the line of 
the maximum drag reduction asymptote in Prandtl-Iiarman coordinates - 
Eq. (4) - is much greater than the slope in Eq. (1) for the flow of water. 

Experimental 

Surfactants which are effective drag reducers over a wide range of tem- 
peratures, can be used as additives in district heating and district cooling 
systems. For this purpose some commercial products of Hoechst AG (FRG) 
and AI<ZO Chemie (USA) were studied. We have investigated the following 
surfactants: Habon G,  and in a mixture with sodium salicylate, Ethoquad 
T/13-50 and Arquad 18-50, Further affirmative experiments, though not 
included in this paper, were done with Ethoquad 0-12 and Arquad 16-50. 
Their description and formulas were given in 1101 and [21]. 

Pressure drop measurements as well as measurement of turl>ulent char- 
acteristics were made in a 39.4 mm ID glass tube circulation system. The 
straight test section was 5.8 m long, however, the measuring section was 



about 2 111 long. The LDA optics assebled front standard Dantec compo- 
nents were irlounted together with Argon-ion laser (Coherent INNOVA 70) 
on a remote ,cont,rolled xyz support. A detailcd description of t l ~ c  IDA - 
optics and the hydraulic experimental facility can be fount1 in (101. 

Resu l t s  a n d  discussion 

1. Ve loc i t y  p rof i l es  

Fig. 1 shows the tlist,ril~ution of the meail local velocity, u,  nor~nalised. 
by the average cross-section velocity, v ,  vs. diinensionless t,uhe radius, T / R ,  
for different Reynolds numbers and different surfactants at, optimunl con- 
centrations. The velocit,~ profiles of surfact,ant solut,ions are flat in the 
central region which extends from T / R  0.4 to 0.7.  ~ i / v  values are higher 
than those for water in the core region up to T / R  S 0.8 and they are smaller 
in the wall region. It should be noted that  the ratio u/v (or t~,,,,/v) de- 
creases with increasing Reynolds number or with increasing drag reduct,ion 
efficiency, and that  the flat core broadens with increase in Reynolds num- 
ber. The velocity gradient is very large in the wall region reaching l~undreds 
of reciprocal seconds while in the core region the values are only units of 
reciprocal seconds. The velocity profile thus strongly reseillbles the veloc- 
ity profile of a plastic fluid,(e.g. Bingham liquid) wit,h plug flow in the 
core. This particular shape of the true velocity profile is shown also in the 
particular shape of the dimensionless velocity profile. 

As the flat core broadens with Reynolds number, the velocity ratio 
ZL/V in the wall region also increases with Re. The full pattern of such 
a velocity profile as seen here probably requires an appropriate minimum 
tube diameter size. A small tube diameter does not give enough space to: 
allow the development of this drag reducing profile. This idea might explain 
anomalous behavior or very low drag reducing effect often encountered in $: 
tubes of small diameters. Such a behavior in 4 and 6 mm tubes was noticed $ 
and described e.g. in 1141. 

Fig. 1 shows the low level of tangential fluctuations in surfactant so- 
lution when compared with water, here plotted as root mean square, u' f '  normalised by v .  The same applies for rms radial velocity fluctuation, u,, 
in Fig. 2. Only longitudinal fluctuations approach those of water in the 
wall region, see Fig. 3. 

I t  can be speculated that  the large micelle structures are better aligned 
with the  flow direction in the wall region because of the large velocity 
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2.-I 
o water Re=76620 

, o rater Re-39300 
i . nabon-G Re=76620 1 

r Hahon-6 Re=40500 
Habon-G Re=132200 -- ~~~ I ~~~ ~ . Etho. TI3 Re=93200 

a ~~q.lS/So Re=69000 ; 

r/R 
Fig. 1. Velocity and fluctuation profiles in tile tube: 39.4 111111 ID; local mean velocity, 
u, and root mean square tangential velocity fluctuations, u;, both normalized by mean 
cross-sectional velocity, v ,  din~ensionless distance r / R  from the wall. 
Obr. 1. Rychlostni profil a profil fluktnxi ryd:losti v trubici prdn16ru 39,4 mm. BodovA 
stiedni rychlost u, odmocnina z primEru Etverce tangenciilnich fluktuaci rydllosti u;, 
pr6mErnd priFezovA rychlost v, bezrozm6rnd vzdilenost od s t h y  r / R .  

gradient. On the other hand, an isotropic micelle structure is expected 
in the core of the flow with small velocity gradient and thus also a larger 
effective viscosity than in the wall region may be suggested, too. The 
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r/R 
Fig. 2. Velocity and Hucluation proliles; o / u ,  local iuean velocily divided by uean cross. 
sectional velocity, and rms radial velocity fluctuations divided by mean cross-sectional, 
velocity, u'lv.  
Obr. 2. Rychlostni profil a. profil fluktuaci rychlosti. Bodovi stiedni rychlost u, odmocnina? 
z prbmgru Etverce radiilnich fluktuaci rychlosti u:, prbm6rn6 prbiezovi rychlost v .  

micelle alignment with the flow direction with a large shear rate has been 
proved by many birefringence measurements and also viscosity curves show 
minima at  large shear rates. Let us consider the micelle structures in a unit 
volume of the liquid in the wall region. Their projection into the radial 
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Fig. 3. Velocity and fluctuation proliles: u / v  aud u: /v ,  rms longitudinal velocity Bactu- 
ations/mean cross-sectional velocity. 
Obr. 3. Rychlostni profil a profil Ruktuaci rychlosti. Bodovi stiedni rychlost u, odmocnina 
z prbmzru Etverce pod41n4ch fluktuaci ryd~losti ui, prbmErn6 prbfezovi rychlost v .  

or tangential direction is much greater than their projection into the axial 
direction. This means greater interference with both radial and tangential 
fluctuations which are thus suppressed while longitudinal fluctuations are 
allowed to grow to the water values in the vicinity of the wall as seen in 
Figs. 1, 2 and 3. 
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r / R = O . l I  l R e = i 6 6 2 0 )  

Fig. 4. The time sequence of tangential velocity fluctuations 6.1 111m from the wall. 
Difference between water without and with the additive a t  the same Reynolds number. 
Obr. 4. Sled tangenciilnich fluktuaci rychlosti 6.1 nlnl od stEny ve vodE a ve vode s povr- 
chovE aktivni IAtkou (PAL) pii s te jnh  Reynoldsov6 ?isle. 

The time sequences of tangential, longitudinal and radial fluctuations 
are shown in Figs. 4 to 7. The reduction of both the frequences and am- 
plitudes by addition of a surfactant is clear, eventhough they increase with 
the approach to the wall. 

The dimensionless velocity profiles u+ vs y+ in surfactants differ from 
those in polymers. For water in the logarithmic layer is 

u+ = 5.7510gy+ +5.5 = 2.51nyf +5.5 for u+ 211 .5  (64 

and in the wall layer u+ = y+ for uf < 11.5. 
Spa ld ing  [lG] deduces the theoretical equation for both layers along 

the whole tube radius in the form 

which he further corrects in order to adjust to Laufer's 17) experimental 
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Fig. 5. The tilue sequence of tangential velocity lluctuatio~~s 14.4 nllu Cro~n Llle wall. 
Difference between water with and without additive a t  the same Reynolds number. 
Obr. 5. Sled tangenciilnicb Auktuaci rychlosti 14.4 111111 od stgny ve vodt: a ve "ode 
s povrchov< aktivlli litkoo (PAL) pii stejnen~ Reynoidsov~ zisle. 

(0.4u+12 ( 0 . 4 ~ ' ) ~  

The ultimate profile deduced by Vi rk ,  Mickley and S m i t h  [IS] for poly- 
mer flow which corresponds to  the mavimum drag reduction asymptote is 

u+ = 11.7lny' - 17. (7) 

In these equations 

"+ = "Iv*, Y+ = ~ u + / v ,  V* = a, 7, = ApD/41, (8) 

where y is the distance from the wall and v is kinematic viscosity of the 
liquid with density P. Usually the solvent viscosity is considered, 
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Fig. 6. The tiine squence of l o ~ ~ g i l u d i ~ ~ a l  velocity Iluctoalians iu water and in the surfac. 
tant. 
Obr. 6. Sled pod4lnlch fluktuaci rychlosti. 

Fig. 8 shows two meal~~velocity profiles in surfactants. The data for:; 
water lie in a narrow bend following Eq. (Gb), which lies below Eq. (Gc)' 
in the region of smaller values of dimensionless distance. The measured: 
points for water at  higher values of y+ lie above the line defined by Eq. 
which, however, is in agreement with published data by many authors. 
mean profile in Habon G was obtained with 2 mM concentration of 
additive, the concentration at  which maximum drag reduction is obtained 
in a large range of Re. The slope of this line is significantly steeper 
that of Eq. (7). I t  was shown in [22] that mean velocity profiles clepend ff 
on Reynolds llumber but the slopes do not differ much. The secolld mean 
velocity profile in Fig. 8 was measured for a solution of 2.5 n1M Ethoquad 5 

T/13-50 with 6.25 mM sodium salicylate, a collceutration with relatively 
low efficiency. Nevertheless, the steepness of the slope is similar to that 
obtained at  optimum conditions with Habon G and it is also greater than 1 
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Fig. 7. The time sequence of radial velocity iiuctuations in water and in the surfactant. 
Obr. 7. Sled radiilnich fluktuaci rychlosti. 

1 I that of E q  (7). However, this complete velocity proiile is positioned below 

I the ultimate profile corresponding to the Virk inaxilnum drag reducing 
asymptote. Thus the plot of the function uf (y+) depends also on the 
efficiency and concelltration of the surfactant. 

There is a small uncertainty in the position of the light beam on tube 
wall. Because of a certain thickness of the beam, its centre can be shifted 
from the wall by an order of several hundredths of nliliineter and therefore 
our mean velocity profile can be shifted in fy+ direction. Furthermore, 
the solvent viscosity was used in y +  With the true solution viscosity either 
constant or variable across the diameter the velocity profile would be shifted 
to the left. 

We can coinpare the mean turbulent velocity profile in surfactallts to 
the schematic three zone polymeric profile published by Virk ,  Mickley 
and Smi th  [18] which they name 1. viscous sublayer, 2. elastic sublayer or 
interactive zone and 3. Newtonian plug. We recorded the second and third 
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Pig. 8. Dilnel~sionless velocity 
TL' - y' in surfactant solutions: in Nab04 
G a t  inaxirn~cn~ drag reducing effective$. 
ness, in low concentrated Ethoquad T/13.k, 
30 with sodium salicylate a t  small e ~ e c . ~  k? 1.iveness. Full line for water: Eq. (6a); dot..? 
ted line: Eq. (Gb). k 
Obr. 8. BezrozrnErosi profily ~ychlosti I'+--' 

Y' v roztoko PAL: pii rnaxiinilni iltianost$:j s' 
3 s l-tabonen~ G a pii mali Gfinnosti s milo* 

koncentrovan$m roztoke~n Ethoquadu T- 
13/50 sc salicylanem sodn.jm. Voda: plni 
Eira rov. (6.1) a tetkovani Erira ro\,. (Gb). 

v. e .  
k 
@. 

10 100 1000 10000 g 
Y.V./V 

<i 
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Fig. 9. Fxiction caeficient f against 
Reynolds number. Dashed line is the 
envelope of asse~nhled data with surfac- 
tants and aluminum disoaps exceeding 
Virk maxiinin drag reduction asymptote as 
published in 1221. 
Obr. 9. SouFinitel tieni f v z=vislosti 
na Re. CLrkovan~ je vyznaEena obilka 
shromi5d811jch vjsledkb s PAL podle au- 
tor6, uvedenlch v (221, kter.4 leii pod 
Virkovou asymptoto~,. 

zone in surfactants in our measurements. The second zone must include 
a transition from the viscous sublayer to a straight line which may have a 
much steeper slope than the elastic sublayer in polymers. The third zone in 
surfactants includes a horizontal niveau while the I L ~ ( ~ + )  curve in polymers 
in the third zone is usually drawn wit11 a branch parallel (with a vertical 
shift of AB) to the line for water. The horizontal branch of the surfactant 
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dimensioilless velocity ~rofile,  which represents tlie core region of the flow, 
is clearly seen in all our ineasureinents 1221. 

The schematic mean velocity profile in surf act ant.^ can thus be de- 
scribed as follows: viscous sublayer 

u+= Y + for 2/+ 5 11.5, (9a) 

the main logarithmic part of the interactive zone 

+ ~ L + = G ~ ~ Y + + F  for y : < y + < y 2 .  (9b) 

the horizontal branch for the core region 

7r+ = E for Y+ > Y:. (gc) 

Approximate values of parameters in Ecls.(9) as calculated from results 
presented in [22] are in the following table: 

E 
maximum drag reduction (optimum concentration) 

53.5 
63.5 
74.5 

less than i~laxiinun~ drag reduction (from Fig. 8) 
52.5 

Tbis table clearly shows the role of Reynolds number and greater slope 
in the interactive zone than in Eq. (7). Even higher values of G can be 
expected. Steeper slopes situated above the ultimate profile in polymers 
were also measured in a fiber suspension by M c C o m b  and C h a n  [8] and 
in a surfactant solution by Bewersdor f f  and T h i e l  121. 

2. D r a g  r e d u c t i o n  e f fec t iveness  

We have shown by our measurements in the 39.4 mm pipe (101 and 
by collection of data  published by other authors that  some commercial 
drag reducing cationic surfactants and aluminum disoaps are more effective 
additives than polymers. This result was discussed in [lo, 221 and i t  is 
illustrated here by the simplified f-Re plot in Fig. 9. The envelope of 
all assembled da ta  (the authors are named in 1221) with best efficiency is 
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depicted in the figure by dasbed curve. Tlte dyllalnic viscosity LL in the 
definition of Reynolds riumber 

is t , l~e solve~lt viscosity at  the test. temperat,nre. In studies of friction be- 
bavioor of drag reducing solutiolls it is couveniel~t to rlse the solvetlt vis- 
cosit,y 1171. I t  permits comparison of different drag reducirlg da ta  and con]- 
paring measurements with the empirical friction law of m a x i n ~ u n ~  drag re- 
duc:t,ion, Eq. (5). But it is necessary t.o bear in n~illd that  the f -Re plot, is 
1inic1ue for every tube diameter. 

The linlit,il~g curve which envelopes these. data  is ayl)roximately 

for R.eynolds numbers between 4,000 and 40,000. 
A11 optimum collcentratioll exists for each surfactant. resulting in max- 

imum effectiveness. Further increase in collcelltratioll beyond the optimum 
tlocs not reduce the friction coefficient. Thus the posit.ion of the function 
f (R.e) is not affected since the necessary optimum conce~ltration is readled, 
I ~ l t ,  in co~nbillation with the tube diameter, the concentratioll does affect 
t,he value of average velocity in the tube or Re above which maximum drag 
raduction effectiveness no longer is achieved. 

Pig. 10. Recalculated data. of Bewersdorff  and Olllendorf 13) and replotted in 
Prandtl-I<arn>an coordinates. 
Obr. 10. VLsledky Bewersdor f fa  a Ohlendorfa  (31, pCeyoclten6 do Prandtlovj.ch- 
I<kminovjrch souiadnic. 
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Fig. 11. Drag reduction of 0.0155 wt% carboetoxy pentadecyl trimethyl ainmoniun~ bro- 
mide with a-naphtol (SEAN) solution in Prandtl-I<annan coordinates in tubes of different 
diameters. Full lines: Re calculated with the viscosity of the surfactant solution, dashed 
lines: Re calculated with the solvent (water) viscosity. 
Obr. 11. Sniieni tieni v 0,0155-procentnim roztoku Septonexu s I-naftolem (SEAN) v P-I< 
souiadoicich v trnbicich r6zn4ch prbmkrb. Plni  Ebra: Re vypoEitan6 s viskozitou roztoku, 
Z6rovanE: Re s viskoaitou vody. 

Another view of drag reduction effectiveness can he seen using Prandtl- 
Karman semilogarithmic co-ordinates. Here, the behaviour of surfactants 
can be interpreted by means of "isosceles triangles". To show this, we 
have replotted the data of Bewersdorff and Ohlendorf  [3] in Fig. 10, 
although the maximum efficiency in their measurement does not exceed the 
Virk m d r a. 

Earlier an extensive research of drag reduction in suspensions with 
the aid of another surfactant additive was described in [ll, 12, 191. The 
flow of moderately concentrated suspensions of small particles (spheres) 
was investigated in pipes of 7,10,16 and 21 mm ID and the friction of the 
suspension was decreased by the two-component surfactrant SEAN which 
consisted of carboxy pentadecyl trimethylammonium bromide - commercial 
name Septonex (SE)-with a-naphtol (AN) with a weight ratio 2.8:l. The 
friction was influenced by both the suspension concentration (drag increase) 
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Fig. 12. Drag reduction of 0.0265 wt% SEAN solution iu a suspension of 6% vohrne con- 
centration of rigid particles. f i l l  lines: Re calculated with the viscosity of the suspension 
with surfactant, dotted lines: Re calculated with the solvent (suspension) viscosity and 
dashed lines: Re calculated with water viscosity only. 
Obr. 12. Sniieni tieni v 0,0265-procentnim roztoku SEAN v suspenzi s objemovou kon- 
centraci tuhj.ch ?&tic 6%. PlnA Eira - ve vj.poFtu pouiita viskozita suspenze s PAL, 
teEkovan6 - viskozita suspenze a EirkovanE - vfpoEet Re pouze s hodnotou viskozity 
vody. 

and surfactant concentration (drag decrease). The result with 0.0155 wt% 
of surfactant in tap water is shown in Fig. 11 where the typical "triangles" i; 
can be seen. They shift to higher R e d  values with increasing diameter. 
Viscosity used in the original paper [19] was the Newtonian viscosity of 1 the surfactant solution (points and full lines). The dashed lines show the 
recalculation with the solvent (water) viscosity. This figure collfirnls that 

$ 
drag reduction with this micellar surfactant also exceeds Virk m d r a at 
a concentration which was not the most efficient one. Similar results are 
shown in Fig. 12 with 0.0265 wt% surfactant concentratio11 but in this case i 

in a suspension with 6% volume concentration of rigid particles. Again 
the points and full lines show measured data and Re originally calculated > 

i 
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Fig. 13. Some collected data on drag re- 
duction of surfactants in water in P-I< co- 
ordinates. 1 - our measurement in 39.4 
mmn tube, 2 - correlation proposed by 
A l t h a u s  [I] for 15 lnln t.ube. 3 - tlic enve- 
lope of Althaos's data, 4 - data by W e b e r  
1201 in 15 n l n ~  tube, 5 - d a t a  by P o l l e r t ,  
I<omrzy,  V o i e n i l e k  and Z a k i n  1141 in 
20 mmn tube, 6 - (thin full lines) data by 
M y s k a  and Vocel  [ll] in 7, 10 and 16 
111111 tubes (drag reduction by surfactant in 
a suspension) and 7 - (dashed lines) data 
by M y s k a  (121 in 7. 10 and 16 n ~ n l  tubes, 
8 -  (fullline) databy M y s k a  and Vlasak  
113) in 50 mm tube, 9 - (dash-dash, dot- 
dot) data by M c M i l l a n ,  I l e r s h e y  and 
B a x t e r  [9] in 2.8 nlln tube. 
Obr. 13. Maximilni sniieni tieni podle 
rilzr~$ch autord. 1 - vlast,ni ni<ieni v tru- 
bici prilrnkru 39.4 mm, 2 - korelace po- 
dle A l t h a u s e  [I] pro 15 rnni trubici, 3 
- ohaka namkienCch "+sledkt oodle Alt- 

' 8 '  ' 
102 2 3 l, 6 8 lo3 2 3 L 6 do' hause, 4 - data v 15 inm trubici podle 

W e b e r a  1201, 5-n~Bieni P o l l e r t a  akol. 
~ e f i  - 1141 ve 20 nim trobici. 6 - (tence plnr?) . . 

n~r?ieni Mybky a Voce la  [ i l l  v j ,  10 
a 16mm trubicich (PAL v suspenzi), 7 - 
(EirkovanB) data podle My S k y 1121 v 7, 
10 a 16 Inn1 trnbicich, 8 - (plnr?) v$sledky 
MySky a V l a s i k a  1131 v 50mm trubici 
a 9 - (tirka-Eirka, terka-tetka) v$sledek 
podle M c M i l l a n a  a kol. [9] ve 2.8mm 
trubici 

with the apparent viscosity of the suspension plus additive. If we replot the 
result using solvent viscosity (in this case viscosity of the suspension only), 
we obtain the dotted lines. These lines clearly show that surfactant yields 
lower friction factors than polymers. The influence of the pipe diameter is 
also shown in Figs. 11 and 12. 

Data of different authors are collected in Fig. 13. Line No. 1 com- 
prises our own measurements with different surfactants (Habon G, Etho- 
quad T/13-50, Arquad 18-50) in water at different concentrations and dif- 
ferent temperatures. F a n  k h a n e l  15) and A l t  h a u s  (11 published measure- 
ments with Habon G, Obon G, Dobon G, Obon and Dobon (all products 
of Hoechst AG) in a tube of 15inm ID. A correlation was proposed in the 
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form 

This equation is drawn in Fig. 13 as Line No. 2. Line No. 3 marks measured 
points with greatest divergence from No. 2. Weber's (201 data  for Haboil 
G at GO°C were. originally plotted in X - Re diagram (A  = 4 f )  and in 
Fig. 13 have been replotted. They are represented by Line No. 4. P o l l e r t ,  
Komrzy ,  Vozeni lek and Zak in  (141 n~easured friction coefficients in 
solutions of Habon G and Ethoquad T/13-50 with sodium salicylate. They 
found the most effective drag reduction in the 20 mm tube and these data  
are redrawn as Line No. 5. Line No. 6 shows results from experiments with 
surfactant SEAN (from Fig. 11) in water and Line No. 7 shows the same 
surfactant with suspension of 6% rigid particles (from Fig. 12). The tube 
diameters in these experiments were 7: 10 and 16 nlm [ l l ,  121. The solvent 
Reynolds nuinber is also used in Fig. 13. Line No. 8 shows recalculated 
data  from the 50 mm tube for SEAN 1131 and No. 9 is 2.8 mm tube da ta  
obtained with aluminum distearate by McMil lan ,  He r shey  and B a x t e r  
191. This line as well as Line No. 7 extends to the dotted line which nlarks 
the maximum limit for surfactants and aluminum disoaps. 

An approximate maximum drag reduction in surfactants ( n ~  d r a s) 
can be drawn as the envelope to these curves with an equation 

fi = 26 log R e f i  - 48 

This line is situated above the line defined by Eq. (4) as seen in Fig. 13. 
!. 

We believe that  more da ta  showing smal le~ friction factors achieved 
in surfactants will be found and approximate constants in Eq. (13) will be ! 
verified. i 

The proposed m d r a s does not describe real relation between friction 
coefficient and Reynolds number in a single pipe but describes the limit 
of maximum efficiency of drag reduction which can be reached in pipes of 
any diameter by a surfactant. I t  is an envelope reflecting the best results 
reported by different authors thus far. E 

I t  was possible to integrate the mean velocity profile and compare i 
the constants of logarithniic members in uf (y+) equation and f (ReJf) 
equation for polymer flows. However, as our Eq. (13) is not an equation 
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describing true flow conditions in the tube, and as the mean velocity profile 
of surfactailt solution is dependent on Reynolds uunlber, there does not 
exist its vis-a-vis counterpart in i~f (y+) f~inction with quantities G and F. 

Conclusion 

The turbulent velocity profiles of surfactant solutio~ls differ from those 
of polymer solutions. As in polymers, three zones of the dimensionless 
velocity profile call be distinguished. However, the dimensionless velocity 
profile in a surfactant depends on Reynolds number, the slope in the inter- 
active zone is steeper than for polymer solution flow. The main part, of the 
third zone, the  plug zone, is horizontal. 

Surfactants show greater ability to  decrease friction coefficients than 
polymers. Available data  from the literature and our own experinlents 
permit us to  write the equation for a m d r a s ,  based on an envelope covering 
results with maximum drag reduction effects achieved with surfactants. 

Velocity fluctuations in radial and tangential directions are suppressed 
by micelles in the whole tube diameter, while the longituclillal velocity fluc- 

part of the tube where the apparent 
viscosity of the surfactant solution is high. In t . 1 ~  wall region, the longi- 

ctuations in water. The decrease of 
both frequency and amplitude of the fluctuations has been shown. 

Excess surfactant concelitratioll over the optimum concei~tration does 
not increase the maximurn drag reduction in a given tube diameter and 
a t  a certain temperature. However, the friction factor - Reynolds number 
results are markedly dependent on the tube diameter; the collcentration 
can affect the range of Re (at an  unchanged temperature) with inaxiinum 
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Maximum drag reduct,iol~ i l l  a pipe flow acllieved by st~rfactants 

MAXIMALN~ SNI'ZEN~ TRENI D O S A Z E N ~  PR.I PROUDENI 
MIC;EL~R.NI POVRCHOVE AICTIVNi LATKY POTRUBiM 

.liii Myslia.  Zdenek C h & r a ,  Jacques L. Zak in  

Ztrity t,i.eniln pEi turbolentni~i~ proud611i v potrnlli mollou byt vJizr1a1iin5 
zl~l(:llicny pi.idinin~ lnalei~o ~nnoistvi nEliter6 niicelarni povrcliov6 alitivni l i tky 
(I'AL). Porspektiva pouiiti tEchto aditiv v 11i6stskj~ch ot,opnych Ei chladicicl~ sy- 
st.i'!nli:cll vyvolala zkjem o .jejich vsestranny vj.zk11m. Dtkaz o nioinosti pooiiti v 
I I Y , ; ~ . v ~ c ~ I ~ ~ I  sekund&rnim otopn41n syst41nu by1 podin provozniln pokuscnl na sid- 
li5t.i l<la(lno-I<roklila\~y, kde l)ylo teple~il z&sobovano vice 116, 300 by ti^. El(:ktricl;ji 
I l i i l i < , l ~  na ?.erpAni t,epl6 vody in0111 byt trvale sniien o celoo Jedno tictinu pii ko11- 
,.,.l~c.riu:i aditiva jii pod 0,05%. 

V Fliuko jsou uvcdeny vysledky 1n8ieni s LDA na trnbici profiln 39.4 m n ~ .  
I:llll<t.~~ace rychlosti v radiilnin~ a tangenciilnilu smFro jsou pfiton~l~ost,i mice1 po- 
~.l;t.?.i:~~y v i:c>.ldm l)rofiln, ale fluktuace rychlosti v podiiln4n1 sm6rn Jsou pot,lai.eny 
I M I I I X C  v .ji(1r11 i~roudEni, kde je t,ali4 vySSi viskozita z l~bso l~en i  propojenou inicelkni 
S I . ~ I I ~ ; ~ . I I ~ ~ ~ I I .  V oblmti 11 stEny jsou niicely vice orientovany ve smEru proutlEni a po- 
,I(:IIII! {l~~lit,uace rychlosti jsou stejn4 jako ve vodE. Je uliazin rozdil inezi frekveacerni 
;,, ;,~~ll~lit.ndaini fluktuaci ve vodE a ve vode s aditivem. Rychlostni profil v trubici 
111;i 1110~116 Jiidro s bodov$~ni rychlostmi vEtSimi nei ve vodE aoblast u stEny s rycli- 
Ioslllli n ~ n o h e n ~  menSimi. BezrozmErn$ rychlostni profil I L + ( ~ + )  se liSi od profilu v 
~ ~ ~ l y ~ ~ ~ c r c c h ,  rovn@Z vj.znaEn~ch ztrity zmenSnjicich adit,ivech. Bezrozmernj. profil 
I'Al, Avisi na ReynoldsovE Eisle a vyznaEuje se vZtSim sklone~n ne i  v poly~nern a 
I~orixi,~~tilnim zakonteni~n. 

Tlakove ztrity se obvykle interpretuji jalco zAvislost souEinitele tfeni na Rey- 
110l(lsov6 Eisle. he r4  je zaloieno na viskozite vody. V grafech jsou tyto fu~ikce silnE 
x;(,visl6 na prfimsru potrobi. Sniieni tieni je vylnezelio do nrEit4 oblasti Reynold- 
S~I\~.$(:~I Eisel, existuje a i  do hodnoty Re, kdy smykovi napEti pfekroEi urEito11 mez 
i~ i~i . in~~ost  nihle konEi. Po  z~nenSeni smykovhho 11apEti se vSak schopnost sniio- 
vi~t. ii.cni op6t obnovi. To je videt na Eiracli f(Ite), ktere se se zvEtSeni~n prfimgru 
I ~ ~ m u u j i  do vySSicl~ hodnot Reynoldsov~cll Eisel. 

Tlakove pomery, vyneseu4 v Praiidt1ovjicl1-I-I(armanovjich souPadnicich, se  pro- 
jevnji jako kvasi-rovnoramen114 trojhlielniky. NaSe vlastni m5Peni a m5Peni nEkte- 
r fc l~  jinycll autor t  ukazuji, i e  yfi optimiilnich pod~ninkiich mfiie byt sniieni tieni 
zl)ilsoben4 PAL vEtgi nei v polyn~ernim roztoku. Obilka dosaienqch nejvEtSich 
sniEeni tieni je vyznaEena jalio pfibliinii asylnptota maximiilnich suiieni tieni v 
rozt,ocich PAL (mdras) pro rdzn6 prfin15ry potrubi. 

I<oncentrace micelirniho aditiva vySSi nei je optimum pro dany prtm8r po- 
trohi nema vliv na dalSi zlnenSeni tieni, mdie pouze zv6tSit rozsall ptsoheni do 
vySBich hodnot Re. 
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D - prlimgr potrnbi [nil, 
f - koeficient tieni, 
1 - dhlka potrubi [m], 
A p  - rozdil tlakit IN], 
7. - ~rzdileliost od osy [mJ, 
R - polomPr trubice [in], 
ZL - prfimkrni bodovi rychlost [m s-'I, 
uC - I ~ c z ~ o z ~ n ~ r ~ ~ i  rychlost, 
u' - odlnocnina ze Etverce stiedni hodnoty flnktuace rychlosti [ill s-'1, 
v - priliezovd rychlost [in s-'1, 
v. - tieci rychlost [m s-'1, 
yC - bezrozmEmi vzdilenost, 

- dynamicki viskozita [Pa s], 
v - kineniaticki viskozita [m%s-'], 
p - hustota [kg 111-~], 

7w - tieci nupEti na sten: [Pa]. 

f - tangenciilni sloika, 
r - radiilni slaika, 
z - osovi sloika. 
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Differences in the Flow Behaviors of Polymeric and Cationic 
Surfactant Drag-Reducing Additives 
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Research on cationic surfactant drag-reducing additives has grown in recent years because of 
their repairability after shear degradation, making them suitable for potential applications in 
recirculation flows such as district heating and district cooling systems. Substantial differences 
between their flow behaviors and those of high-polymer, drag-reducing additives have been found. 
These include the influence of preshearing, the effect of mechanical shear on degradation, the 
influence of tube diameter, maximum drag-reduction effectiveness, and the shape of their mean 
velocity profiles. Examples of these different flow behaviors are described. The differences 
suggest that the mechanisms for causing drag reduction may be different for the two types of 
additives. 

Introduction 

Drag reduction by additives is a flow phenomenon in 
which small amounts of an additive in a fluid cause a 
reduction in the turbulent friction compared with that 
of the pure fluid at the same flow rate. The drag- 
reduced flow remains turbulent, however, with a modi- 
fied turbulent structure. 

A reduction in energy loss in turbulent pipe flow of 
wood pulp fiber suspensions in water was reported by 
Forrest and Grierson (1931) more than 65 years ago. 
This first report of drag reduction went largely un- 
noticed (Radin, 1974; Nadolink and Haigh, 1995). My- 
sels and his associates (Mysels, 1949; Agoston et  al., 
1954; Mysels, 1971) found that the pressure drop in pipe 
flow for gasoline thickened by aluminum disoaps was 
lower than that of pure gasoline at  the same flow rate. 
Because of war- t ie  secrecy requirements, their results 
were not released until 1949 when a patent was issued 
listing a 1945 application date. At the First Interna- 
tional Rheological Congress in 1948, Toms (1949,1977) 
reported drag-reduction results on dilute solutions of 
high-molecular-weight poly(methy1 methacrylate) in 
monochlorobenzene. He obsenred that, at constant 
pressure gradient, the flow rate could be increased by 
the addition of the polymer. Drag reduction is some- 
times called the "Toms Effect". The Mysels and Toms 
results were the first in which drag reduction was 
recognized. 

S i  the f i s t  reports of drag reduction, a large 
number of researchers have worked in this area. Na- 
dolink and Haigh (1995) compiled a bibliography on 
drag reduction by polymers and other additives. There 
are over 4900 references dating from 1931 to 1994. 

The potential use of drag-reducing additives in recir- 
da t ing  turbulent flow systems such as district heating 
or district cooling systems has generated interest in 
finding suitable additives for recirculating systems. 
Such applications would require additives which either 
do not degrade with mechanical shear or extensional 
flows or will repair after degradation. Since effective 
high-polymer, drag-reducing additives are sensitive to 
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mechanical degradation, there has been a great deal of 
interest in aqueous surfactant drag-reducing systems 
in the last decade as these additives are "repairable" 
after mechanical degradation. These and other differ- 
ences suggest that there may be differences in their 
drag-reduction mechanisms. The differences range from 
the form of their viscosity-shear rate curves, their 
response to shear-degrading conditions, tube diameter 
effects, limiting drag-reduction asymptotes, and limiting 
mean velocity profile asymptotes. 

This paper will illustrate these differences from our 
own results and from data in the literature and will 
relate them to the differences in the nature of the two 
types of additives. 

Experimental Section 

Rheological measurements were made with rotational 
rheometers (Rotovisco RV 20 and CV 20 of Haake) using 
procedures recommended by Haake which provide for 
necessary corrections. The steady shear-flow curves 
were measured with a coaxial cylinder fixture (Figure 
I), and the first normal stress differences were mea- 
sured with a cone-plate system (Figure 2). 

Mean velocity profiles were measured with a laser 
Doppler anemometry (LDA) system which was as- 
sembled from standard Dantec components and a Carl 
Zeiss argon-ion laser. With the use of LDA, there is 
always an uncertainty in the location of the light beam's 
cross section, which is not a point but a rhombus-like 
plane with side lengths of the order of several tenths of 
millimeters but well below 1 mm. The distance of the 
rhombus center from the tube wall has an uncertainty 
of about 0.1 mm. 

Surfactants used were Habon G (hexadecyldimbthyl- 
(hydroxyethy1)ammonium 3-hydroq-2-naphthoate sup- 
plied by Hoechst AG) and Ethoquad Tl13-50 (tallow 
tris(hydroxyethy1)ammonium acetate supplied by Akzo- 
Nobel) with sodium salicylate counterion. At very low 
concentrations, the amount of drag reduction increases 
with concentration. but it levels off a t  some concentra- 
tion which depends'on the surfactant chemical composi- 
tion (Chara et al.. 1993). All &a@-reduction data shown d 
here'are at  or near this saturacon level.. 1 05 
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SIMILARITLES AND DIFFERENCES IN DRAG REDUCTION BEHAVIOR OF 
HIGH POLYMER AND SURFACTANT SOLUTIONS 
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Absrrocl -Tho two most widely studied types ofdrag reducing additives arc high polymers and surfactants. Their turbulent flow behaviors have many 
similarities but significant diiermces cxid in their maximum drag reducing asymptotes, the limiting slops of their mean velocity profiler for 
maximum drag reducing solutions as well as the mapnitudes of peak values ofv'lu' and the peak locations. Stress deficits due to small valuw of 
Remolds stre& have bcn, observed for both t w e b f  additives but zero Remolds dress orokles have been rewrted only for surfaclant solutioru 
Th& dlffRences indisats that the mechanisms redudion forthc two t& of addl t lk  are d~ITercnt. ThTh; fact that mechanical degradation of 
rurfacwt rflcms is rr\en!ble whil* for high pol)mm 11 is ine\errible m&e the former more v m t i l e  lor appliistions 

I. INTRODUCTION 

Drag reduction in turbulent flow u s  firn reeowircd by hlyclr, ct al 
some fifty )ears ago (1,2,3]. They fdund the pressure drop in p i p  flow lor 
p.awlme thickenzd by aluminum diroapr was I s  tiun that ofgasoline at 
;he same flow rate. Soan after, TOM. 14.51 reported similar rkults with 
dilute solutions of high molecular weight pol)methylmethacrylate in 
monochlorobenzene. Because of wartime security considerations, Mysels 
results were published aRer Toms'. In the past five decades turbulent drag 
reduction has been an active research field with over 4900 references [6], 
most ofthem dealing with high polymer drag reduction. 

11. COMPARISONS OF HIGH POLYMER AND SURFACTANT 
DRAG REDUCERS AND O F  TIfEIR TURBULENT BEHAVIORS 
A Minoaructure 

The minostructures of polymers and surfadant drag reducing 
additives are quite diierent. Uncharged, flexible polymers foml random 
coils in solution which mav uncoil and eloneate under shear or ~~~ ~ ~~~ , ~ ~~~ ~ - 
elongational fwces. Polymers which contain charged groups are elongated 
even at rest. It is generally believed that surfactants that are effective drag 
reducen have wok-like or thread-lie micelle Nuctures. These syslenu 
may form threediiemional networks which fully pmade the solution at 
rest orlhev mav reauire shear to form networks. ~, ~ , ~~~. ~~~ ~~~~~~~ ~~ -~~... 

High polymers are very effective in reducing friction tosser and have 
proven valuable in increasing flow rates in crude oil and other hydroarton B. k t  of Drag Reduction 
pipelines most spectacularly in the 48-inch 800-mile long Alyerka 
Pipeline fmm the North Slope in Alaska to Valdez. With currently 
available polymers, concenvalions of I ppm in crude oil can give 
sipificant drag reduction 171. 

Polymer additives are, however, susceptible lo mechanical degradation 
and chemical bonds arc broken irreversibly and the highest molecular 
weiehL most effective molecules are the ones most xnsitive to scission. - .  
Thus polym~n lose their effecttveness when p ~ ~ s i n g  through s pump and 
addlttoml polymn mun be ijected downsfream of a pumping station to 
reduce friction losses in the "en pipeline scclton Pol)mm an (hcrcforc 
only useful m once-through appli&iions. Fortunately klymer injection at 
only a few "bottleneck" sections of the Alyeska Pipeline was needed to 
innease throughput when North Slope production exceeded pipeline 
capacity [7]. 

Surfadant'additives in water genaally rquue  higher c w c m t m t i ~ ~ ~  
than high polymers but their micrortnrclures do reform quiddy &er 
mechanical degradation in pumps or in other reglorn of high shear. 
S u r f a m  have low molecular weiehts. of Ule order of hundndr. but can - .  
f m  long worm-like miccllcr which are belicved lo form 3-D network 
Nuclurer. While these structures are easily broke-. they reform rapidly so 
hat  tbe surfanant solutions regain their effectivcn~~~ rapidly. Thus 
s u r f '  can be used in recirculation system such as district heating or 
district rooling system and rewar& activity on surfactant drag reduction 
has grown appreciably in the past ten to ffieen yeas. 

Catonic, nonionic, anionic and ~winnianic surfactants have all been 
shown to bc effective drag reducing additives. Often a counterim is 
required to obtain gocd drag reduction 

This paper will d i x w  similarities and differences in drag reduction 
behaviw belween high polymer and surfactant sy tem.  Significant 
differences in their behaviors indicate Lhat the nature of their interactions 
with the htrbulent flow field may be different. Since most sludies have 
been done with cationic surfactants, this t)pe of additive will be compared 
with high polymer addiiives. 

Figure 1, in which friction factor is planed against generalized 
Remolds number. illustrates the t v m  of onxt behavior observed in hi& , . - 
po1)mer rynems 181 The solution s a 200 ppm polyahylmc oxide 
(4W.OOb molecular weight) in bemenr. ONet for polymer drag r*duction 
occun when a crit~csl shear rate is rcazhed. Thu shear rate d e n e m  with 
molecular weight, con cent ratio^ goodness of the solvent and, for coiled 
polymers, the flexibility of the polyn~er solution chain [9]. If the critical 
shear rate occun in the laminar flow r ~ g i o ~  no sharp onset is observed but 
only a gradual departure from the lan t iw line as Reynolds number 
inere- (see Fig I, 0.833mm ID tube). Liaw el al [9] called this 
"concentrated" polymer solution drag reducing behavior. For the larger 
tubes, amel is o w e d  as departures From the Von Karman turbulent 
friction factor curve at higher Reynolds numbers when a critical shear rate 
is exceeded. Decrease of polymer concentration in a singlc tube yields 
similar changes in onset behavior, is inmease in the mitical Reynolds 
number. "Concentrat& mdmd'diluW dragreducingbehavior correspond to 
Type B and Type Abehavior noted by Virk [LO]. 

0.100 

0.001 

100 1000 10000 100000 
N R ~  

Figure I. Effect of tube diameter on o m  ofpolymer drag reduction 
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number [l91. Peak values of u'lu* near the wall of about 2 to 4 were 
o w e d  for mad drag reducing *ems wmparcd with 2.5 to 3.0 for the 
solvmls. Howcver, a pak value of 8 was reported by Rudd [20] for a 
polymer solution in a c h c l  and by bwnsdorffand Ohlmdwf 1211 for a 
~urfaciant solution in a pipe at very high Reynoldn number. Peak values 
ina- with Reynolds numbers, as clearly show in the data for a drag 
reducing surfactant solution of Schmidt [22], T.I. Hanrany's student In 
conuast, his peak water intensities decreased slightly with Reynolds 
number. 

In the data shown by Gam@ and R r m h  1191 and alhcn, Ute u'/u8 
pcak -4 at higher y' values for drag reducing system than the y* 
10-15 location typical of solvent &la. Peak location is relatively 
i m i t i v e  to Reynolds number for solvenb and for drag reducing systems. 

2. Transverse or RodialInrenriryMearurenrenl 

Radial inlcwities in the core region an lower for drag reducing 
solutions than for Newtonian solvenu, both in absolute intensities, v', and 
in normalized intensities, v'/u* [22-241. While maximum intensities m u r  
at J - LOO for Newtonian solvents for drae reducine mlnner solutions -~ , - - .  . 
Oanlpm and R m h  1191 show a shin of the m a m u m  htmrtt) of v ' k '  
lo umsuhat higher values of y' with mojo3 dmem in peak intcnsitin 
Schmidt [22], on the other hand, shous p a k  intm~tics rcJuc4 by 6590 to 
90% wn&ed to water for a surfactant drag reducing system. Peak values 
for this system were shifted to lowery+ values than those for water. 

3. Reynolds Stresses 

Wei and Wilhanh [25] found 'large'.negalive Reynolds stresses in 
the near wall region of their channel into which wncmvated PEO 
solutions were injeded and small Reynolds stresses across the pmfile. 
Earlier, Dursl et al[26J had also observed negative Reynolds stresses close 
to the wall. Schummer and %elen [27]. Willmar& el al 1281 and 
B e w d o 6 f  [291 had earlier noted stress deficit pmfiles based on their 
mmurements of Reynolds stresses and mean velocity profiles. A stress 
deficit can also be seem near the wall in the earlier &ta of Panerson et al 
1301 for a high molecular weight polyisobutylme in mineral oil drag 
reducing solution 

Schmidt's 1221 Reynolds mcs measuremetds in a cationic surfactant 
drag reducing solution (Ethcqwd Ti13-50 - Sodium Salicylate) in a 
channel showed nearly zero Reynolds *err. profiles at Reynolds numbers 
of 19,060, 29,750 and 49,130. ' I lt is result, l i e  those mentioned above, 
requires postulation of an additional (visuxlastic) stress term of significant 
magnitude. Kawaguchi et al [31, 321 obtained similar zero Reynolds 
stress profile results with a different cationic surfactant solution in a 
channel. The zero values are pmbably caused by a w m b i i i o n  of low v' 
values of these amfactant solutions and dux differences between the u' 
and the v' intmsilies. Conditioned &ltng of R s p l d s  stress data for 
thee  aufinant aystmu is nudcd to &erminc the magniNdes of the four 
possible w m b i i i o m  of us and v' valua Tlur would rlanfv how and 
why they sum to m o  Reynolds stress and also ths behaviors df turbulent 
sweeps and ejections in these syjtem. 

111. CONCLUSIONS 

While there are similarities in the drag reducing behavior d high 
polymer and surfactant systems, then are signiftan1 diierenca, most 
notably the limiting "ymptotes for maximum drag reduction and the 
ullimatc slopes of the mean velocity profiles. Olha differences an the 
larger rcdudions in pak v'iu* values fw surfactant drag reducing 
solutions and a shiR in the location ofthe peak value to lowery* compand 
1: Newtonian solvents while the polymer solutiat peaks shifted to higher 
Y .  

Both typs of additives have demondated a stress deficit but near 
Zero Reynold st- profiles have been observed in surfaMnt solutions, but 
nM in polymer solutions. Tkese differences indicate lhat there is some 
d'iermce in the m&aiun(s)  for drag duct ion  for the two types of 
additives most pmbably because of diiermccs in the interactions between 
autxllent d i e s  and elongated polymer molaules and their interanions 
with swfactant nehvorks. 

Finally, the ability of surfactant salutiom to recover aRer mcchmieal 
dcgadation while high polymers arc irreversibly degaded, allows the 
former to be used in a wider varietv ofaoolications includiia recirculation 
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Micellar size of drag reducing 
cationic surfactants 

Abstract Dynamic light scattering Key words Surfactant micelle size - 
was employed to determine the effects hydrodynamic radius - shear history 
of surfactant nature, concentration - dynamic light scattering 
and counterion ratios, and shear on  
the hydrodynamic radii of micelles 
of commercial cationic surfactants 
which are powerful drag reducers 
in turbulent flow at high temper- 
atures. Such surfactants are poten- 
tially useful for reducing pumping 
energy losses in district heating and 
cooling systems. 

introduction 

Intensive research has been carried out on the influence of 
certain cationic, anionic and non-ionic surfactants, in 
some cases with counterion salts, on drag reduction in 
turbulent flow in pipes. The observed drag reduction has 
been ascribed to the .presence of rod-like micelles in the 
solution. Surfactant drag reducers may lose their drag 
reduction ability when subject to high shear but quickly 
regain their effectiveness when flowing in a regime of lower 
shear, allowing them to be used in recirculation systems 
where polymer additives which mechanically degrade irre- 
versibly cannot be used. This is believed to be due to the 
ability of micelles to form long threads or networks which 
break up under high shear but reform when shear is 
removed. 

During the last few years much effort has been given to 
developing cationic surfactants which are effective over 
a wide range of temperatures such as are encountered in 
district heating or cooling systems. Quite a few results 
have already been published on physical<hemical, hy- 
draulic and rheological properties of such surfactants and 

their possible usage, see for example refs. [I-51. In this 
paper, we want to show and discuss one of the principal 
properties of single micelles, namely their size. 

Ohlendorf et al. [6] showed that the length of rod-like 
micelles of hexadecyl trimethyl ammonium bromide with 
sodium salicylate (CIS TA Sal) determined by electric biref- 
ringence decreases with rising temperature and increases 
with surfactant concentration. Micelle lengths increased 
from 30 nm to 70 nm at 30 "C when concentration in- 
creased from 0.2 to 0.4%. At 50 "C, the lengths were 18 and 
30 nm at the same concentrations. For tetradecyl trimethyl 
ammonium salicylate (C,,TASal) micelles a t  30°C, the 
lengths were 30 and 40 nm at the same two concentrations. 
Kalus et al. [7] reported that micelles of 5 mM tetradecyl 
trimethyl ammonium salicylate in D,O at 25°C are ap- 
proximately 30 nm long and their diameter is approxi- 
mately 4 nm based on small angle neutron scattering. 
measurements. Using electrical birefringence measure- 
ments, Bewersdorff and Ohlendorf [8] found that ihe 
length of micelles of C14 TA Sal decreases with decrease in 
salt content and with increase in temperature. 

Interesting results on cetyl trimethyl ammonium/so- : 
dium salicylate micelles were reported by Nemoto and S 
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With the exception of Habon G, the distributions of 
relaxation times (and therefore also the distributions of 
other quantities) for fresh samples were observed to be 
unimodal which means that the solutions contained only ----+ 
one kind of particle, but the distributions were not mono- +----- -'----- 
disperse, the width depending on the concentration. 

E 

Results and discussion 

Concentration influence 

The dependence of Rh of micelles in ET131NA in distilled 
water on the surfactant concentration (at fixed molar ra- 
tio) of both components and the distribution of Rh at 
a concentration 1.2511.87 mM are shown in Figs. 2 and 3. 
(This molar concentration corresponds to a total concen- 
tration of ET13 of 1.135 g/l (50% active matter) and 
0.3 g/l of NA). Rh increased from 20.5 nm to 25.5 nm when 
concentration increased from 1.2511.87 mM to 517.5 mM. 
This 25% change is not large for the fourfold concen- 
tration range. Extrapolation to infinite dilution yields 
Rh = 19.5, but is not physically meaningful as rod-like 
micelles would not form at low concentration. The dis- 
tributions of hydrodynamic radii are rather large. At 
1.2511.87 mM, Rh ranges from 11 nm to 46 nm and the 
width, w, of the distribution is 61% of a decade. The 
estimated width increases with concentration, showing 
a 45% increase at 5.017.5 mM as listed in Table 1. 

Measurements of 3 m M  ET13 with 5.0,7.5 and 
12.5 mM NA in distilled water gave an increase of the 
mean hydrodynamic radius of only 10% (Figs. 4 and 5). 
The distilled water samples contained some impurities and 
for that reason each was measured twenty times. Only 

1 results which were not affected by scattering from impu- 
rities are shown. The width of the distributions decreased 
by 33% as NAIsurfactant ratio increased. Thus, with de- 
creasing ET13/NA ratio, the dispersion of the micelles 

j tends to monodispersity. 
Similar influence of the salt content in the sample was 

found with AR/NA solutions in distilled water and shown 
in Figs. 6 and 7. Table 2 shows the increase of mean Rh 
values and the decrease of w values with the decrease of 
surfactant/salt ratio, i.e., with increase of sodium salicylate 
content, C(NA), at constant concentration of the surfac- 
tant, C(AR): 

In this case there is a 13% increase of Rh over a 1.9 fold 
concentration ratio while w decreases 29%. The extrapola- 
tion to zero concentration C(NA) yields Rh = 27 nm. 

The results with AR/NA and ET13/NA solutions are 
very similar though their molecular weights differ con- 

i siderably. In general, these results showing the influence of 
the concentration of the mixture and that of the ratio of 

Fig. 2 D~pendence of hydrodynamic radius, Rh, of the solution of 
Ethoquad TI3150 Sith jbdium salicylate on total concentration of 
both components; the ratio of concentrations of both components 
C(ET13)/C(NA) is constant 

Fig. 3 Plot of scattered light, A(Rh), vs. hydrodynamic radius, Rh, in 
ET13/NA (1.25f1.87 mM) solution in distilled water 

Table 1 Effect of ETI3/NA Concentration on Rh and w 

SurfactantjNaSal Rh, nm Distribution Width, w 
Concentration In% 

surfactant/salt are in accordance with results from the 
investigations using pure chemicals presented in refs. 
[6-8,lO-131. 

Another effective drag reducing surfactant is ETO 
with a molecular weight between those of AR and ET13. 
ETO/NA solution with 3.0/12.5 mM concentration in 
distilled water has an average mean hydraulic radius of 
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log Rh, nrn 

Fig.8 Distribution functipn of Ethoquad 0112 with sodium Rhlnml 
salicylate in distilled water; the concentration of ETOINA = 
3112.5 m M  Fig. 10 Distribution function in fresh Habon G solutions of 1,2 and 

4 m M  concentrations in distilled water 

Fig. 9 Dependence of Rh on concentration of Habon G 

influence of intense shearing by mixing in a beaker for two 
hours (which was applied to simulate the effect of pumping 
on the breakdown or degradation of the micelles) were 
investigated. Light scattering measurements were made 
several days after mixing. 

Hydraulic radii as a function of concentration for the 
fresh and the sheared solutions are plotted in Fig. 9. Over 
a fourfold range of concentration (1 to 4 mM), Rh shows 
a strong dependence on concentration, varying from 
58 nm to 157 nm in the fresh solution which is a 170% 
increase. The growth of micelle size with concentration is 
large compared with other surfactants. Intensive shear 
reduced the hydraulic radii of the micelles by 16 to 28%, 
the effect of shear being more pronounced with the larger, 
higher concentration micelles. If we calculate a volume 

Fig. 11 Distr~bution function in sheared Habon G solution of 1,2 
and 4 mM concentrations in distilled water 

change of hypothetical spheres with diameter 2Rh, this 
decrease of Rh corresponds to a significant 41 to 63% 
decrease in volume of the micelles. In the limit of infinite 
dilution both series of samples (fresh and mixed solution) 
approach a hydrodynamic radius, Rh-25 nm, which is 
close to the value obtained with ET13/NA. 

The particle size distributions for the fresh and de- 
gradeddHabon G solutions are shown in Figs. 10 and ll. 

. . ~  . . .  . .  .. 



with averagelengths of90-130 nm. Polydispersity can also 
be seen in the micrographs. 

The hydrodynan~ic radii of ET13/NA micelles ob- 
tained from these light scattering measurements range 
from about 20-35 nm. These radii are consistent with the 
electron microscope lengths given in [20] as Hu, Wang 
and Jamieson [14] estimate that the relation between Rh 
and the length of the micelle gives a micelle length approx- 
imately four times Rh. 

! : .  !i k0 Conclusions 

Fig. 14 Distribution functions in CTACINA solutions with 1.251 
12.5 mM concentration in distilled water, the influence of shearing 

Table 3 Effect of Shear on Rh and ~v 

Rh, nm Distribution width, w, 
In% 

ET131NA = 5112.5 mM 
Fresh solution 35.4 107% 
Sheared solution 35.8 101% 

AR/NA = 5112.5 mM 
Fresh solution 33.5 107% 
Sheared solution 31.6 80% 

CTAC/NA = 1.25/12.5 mM 
Fresh solution 31.6 58% 
Sheared solution 29.3 57% 
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1) Micelle size, represented by hydrodynamic radius, 
increases with the concentration of the solution as well as 
with increase in counterion concentration. Rh increases 
when tap water replaces distilled water. 

2) Micelles of Habon G are approximately four times 
larger than micelles of Ethoquad T13 or  Arquad 16. 
Habon G solutions reach maximum drag reduction effec- 
tiveness a t  about one-fifth of the concentration for the 
other surfactants. 

3) Considerable polydispersity was found in these snr- 
factants. A purer sample similar in composition to AR had 
similar average size but a narrower distribution than the 
commercial sample. 

4) Intensive shearing (mixing) reduces the size of large 
micelles in Habon G solutions while the sizes of the small- 
er micelles in solutions of Ethoquad T13, Arquad 16 a n d  
pure CTAC are not greatly affected by shearing. 
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