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Abstract 

In this report, results from the project, proposed in the original research plan are presented. 10 surfactant systems 

effective as drag reducing agents (DRA’s) in efficient district cooling, including four commercial cationic 

surfactants, one commercial and three novel synthesized zwitterionic surfactants, one commercial nonionic 

surfactant and one zwitterionic(synthesized)/anionic surfactant mixture were developed. The application of newly 

synthesized zwitterionic aminimide surfactants to drag reduction (DR) is a breakthrough of this little-known 

family of surfactants. In addition to 20% EG co-solvent added to pure water solvent, as proposed in the original 

plan, we also investigated the feasibility of replacing the 20% EG/W solvent with more environmentally friendly 

solvents such as 25% PG/W and 30% Gly/W. Surfactant micelle nanostructures in these unusual solvent systems 

have been identified with cryo-TEM techniques despite great technical difficulties. We conducted turbulence and 

rheological measurements of a commercial cationic surfactant-water DR solution and a novel synthesized 

zwitterionic surfactant (ZA)-20% EG solution in channel flow. Detailed analysis of DR behavior and numerical 

simulation and successfully developed a new model for the DR mechanism were also conducted. Techniques for 

enhancing heat transfer effectiveness in DR surfactant EG/W systems at low temperatures have been developed. 
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1. Introduction 

District Cooling Systems are becoming of increasing importance for cooling buildings in the US, Japan and other 

countries as they provide significant savings in energy use, capital investments, space and convenience. By 

replacing water as the cooling fluid with ethylene glycol (EG)/water solutions, the useful temperature operating 

range of the circulating fluid can be increased from 10 °C (5 °C to 15 °C) to 20 °C (-5 °C to 15 °C) permitting 

reduction in the amount of circulating cooling fluid by ~50% while still retaining the same cooling capacity. 

Further reduction in the pumping energy requirements for EG/water of ~50% can be attained by the use of drag 

reducing surfactant additives. 
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The purpose of this research project is: 

1) To develop chemically stable surfactant drag reducing additives for EG/water solution which are effective in 

the –5 to 15 °C temperature range at relatively low concentrations and which recover their microstructures quickly 

after mechanical degradation. New cationic, nonionic and zwitterionic/anionic mixture surfactants will be 

synthesized if suitable commercial surfactants are not available to satisfy these requirements. 

2) To relate drag reduction effectiveness to rheological properties and to microstructures of the systems and also to 

their turbulence character. To these ends, drag reduction and rheological behavior and microstructures obtained by 

cryo-TEM imaging and NMR and turbulence structures will be studied at low temperatures. 

3) Since drag reducing solutions also show lower heat transfer, another objective is to develop practical 

technology to enhance heat transfer without serious energy penalties. In this report, results from the project, 

proposed in the original research plan are presented. 

 

2. Materials and Methods 

2.1 Materials 

(1) Surfactant species tested 

a) Cationic surfactants with counterions, mainly sodium salicylate (NaSal) 

The five commercial cationic surfactants (products of Akzo Nobel) studied for their DR effectiveness are: 

Ethoquad O12 (oleyl bishydroxyethyl methyl ammonium chloride), Ethoquad O13 (oleyl trishydroxyethyl 

ammonium acetate), Arquad T50 (tallow trimethylammonium chloride), Ethoquad T12 (tallow bishydroxyethyl 

methyl ammonium chloride) and Ethoquad T13 (tallow trishydroxyethyl ammonium acetate). Surfactant 

concentration was maintained at 5mM (~0.2wt%) and the concentration of NaSal varied from 7.5~12.5mM. 

b) Zwitterionic surfactants 

The DR effectiveness and rheological properties of four novel synthesized zwitterionic surfactants were tested. 

They are abbreviated as OB, ZA, ZB and ZC. Appropriate amounts of anionic surfactant, sodium dodecylbenzene 

sulfonate (SDBS), were added to the OB solutions. All synthesized zwitterionic surfactants were tested with and 

without the addition of NaNO2. Three commercial zwitterionic surfactants, DR0206 and SPE 98300 from Akzo 

Nobel and Chemoxide from Chemron, were evaluated for DR and rheological properties. DR of all zwitterionic 

surfactants was measured at concentrations of 6-10mM. The concentration of additional NaNO2 varied from 

3-30mM. 

c) Nonionic surfactants 

The DR effectiveness of two nonionic surfactants synthesized, NA and NB, were tested. Also evaluated were two 

commercial nonionic surfactant systems, Beraid DR DC 620 (product of Akzo Nobel) and blends of two 

surfactants, Brij 97 and Brij 93 (products of ICS), at different ratios. 

 (2) Solvent systems tested 

Six solvents were evaluated for surfactant DR behavior from –5 to 25 °C. They were water, 20% ethylene glycol 

in water (EG/W), 25% propylene glycol in water (PG/W), 30% glycerol in water (Gly/W), 15% formamide in 

water (FA/W) and 20% urea in water (UA/W). While water was tested as a reference system, the other solvents all 



have freezing points around –9°C. 25% PG/W and 30% Gly/W are more environmentally friendly than 20% 

EG/W. FA was used to study its co-solvent effects on surfactant DR and self-assembly because of its unique 

physical chemical properties. 

2.2 Methods 

(1) Synthesis methods 

Standard organic synthesis methods were used to prepare all the synthesized surfactants described in the results 

section of this report.  All synthesized products were characterized using standard spectroscopic techniques (MS, 
1H NMR, 13C NMR). 

(2) DR measurements  

a) Swirl Decay Time (SDT) measurement 

A small amount of surfactant solution (~60ml) is stirred in a beaker by a magnetic stirrer. After the stirrer is 

stopped, the solution, if viscoelastic, will slow down in the direction of the swirling motion, stop, then swirl in the 

opposite direction. The shorter the time between stopping the stirrer and the starting of the back-swirl (swirl decay 

time), the higher the viscoelasticity. This method was used as a rough method for screening the synthesized 

surfactants. 

b) Flow circulation system 

DR experiments at OSU were performed in a circulation flow system. The test section was a 2.18m long stainless 

steel tube with a diameter of 10.9mm. The friction factor in the tube, f, was calculated from the pressure drop and 

compared with the friction factor of the solvent, fs, at the same solvent Reynolds number. Drag reductions at 

different temperatures were calculated from Equation 1 over a Reynolds number range of 3×103 to 3×105:  
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c) DR and turbulence measurements 

A two-dimensional water channel made of transparent acrylic resin, having dimensions of 10 m in length, 0.04 m 

in height (H) and 0.5 m in width was used for turbulence and DR experiments in AIST. A Stereo-PIV system 

consisting of a double-pulsed laser, laser sheet optics, two charge-coupled device (CCD) cameras, timing circuit, 

image-sampling computer and image-processing software (TSI Insight ver. 3.3) were used for measuring 

instantaneous three-dimensional velocity components. 

(3) Rheological measurements 

a) Rheological measurements  

Shear viscosity, first normal stress differences (N1) and apparent extensional viscosity were measured. 

Rheological measurements were also made with an ARES Rheometry system (TA Instruments) with a high 

sensitivity force transducer. Software solving the Brownian dynamics of micellar clusters was written and used in 

analyzing the rheological properties of dilute surfactant solutions. 

b) Cryo-Transmission Electron Microscopy 

The cryo-TEM work was carried out at the Technion-Israel Institute of Technology’s Laboratory for Advanced 

Microscopy. 



c) Heat transfer measurements 

A heat transfer measurement section (1.8 x 0.5m2) was constructed and installed in the two-dimensional channel. 

This section can be operated at uniform heat flux mode or uniform wall temperature mode. Two types of micellar 

destruction devices, Venturi and Block, were designed, manufactured and installed upstream of the heat transfer 

measurement section for heat transfer enhancement. The two destructive devices have the same length of 10 cm 

and the same width of 4 cm. The Venturi device has a long central flow passage contracting first and then 

expanding, whereas the block device has two contracting-expanding flow passages on both sides with the central 

part blocked. Both the Venturi and Block devices have the same contracting-expanding ratio of 0.5 in the flow 

passage with the throat 2 cm downstream of the devices. 

 

3. Results and Discussion 

3.1 Development of effective cationic surfactant DRA’s for Efficient District Cooling:  

DR experiments were performed on the five commercial cationic/counterion surfactants, Ethoquad O12 , 

Ethoquad O13, Arquad T50, Ethoquad T12 and Ethoquad T13 with NaSal counterion in water, 20% EG/W, 25% 

PG/W, 30% Gly/W, 15%FA/W and 20% UA/W.  

Ethoquad O12 is the most promising cationic surfactant effective DRA for Efficient District Cooling. For the same 

surfactant system composition, the addition of 20% EG decreases the upper temperature limit for DR and the 

maximum %DR but also decreases the lower temperature limit for DR. While the optimum molar ratio of NaSal 

counterion to surfactant is 1.5:1 in water at 2°C, increasing it to 2.5:1 improves DR effectiveness in 20% 

EG/Water. The upper temperature limit for DR in the 5mM Ethoquad O12/12.5mM NaSal system was 80°C for 

water, 50°C for the EG, Gly and FA systems but only 15°C for the PG system. The low temperature (<0°C) DR 

results were 60% in 20% EG/W, 70% in 30% Gly/W and in 25% PG/W but only 40% in 15% FA/W.  

3.2 Development of novel synthesized and commercial zwitterionic surfactant DRA’s for Efficient District 

Cooling:  

Synthesis of ammonium carboxylate zwitterionic surfactant, OB, was developed and the synthetic pathway is 

given. A total of 6 surfactants were prepared at approximately 10-gram scales to provide samples for preliminary 

rheological studies and swirl decay time (SDT) measurement. This led to the selection of compound OB for study 

as a DRA. Over 200 grams of this material were prepared for evaluation. 

Aminimide surfactants derived from oleic acid and hydrazine derivatives proved to be even more promising. 

Screening tests via rheological and SDT measurements led to the selection of ZA, ZB and ZC for further DR 

evaluation. ZA was selected for detailed study because it was less expensive to produce than ZB or ZC. Over 1.5 

kilograms of ZA were prepared for use in the flow circulation system experiments and 2-D water channel 

experiments.  

Detailed results of DR measurements with these novel synthesized zwitterionic surfactants and commercial 

available zwitterionic surfactants are achieved. A part of the results is shown in Fig.1 and Table 1. In addition to 

OB, ZA, ZB and ZC, three commercial zwitterionic surfactants, Chemoxide (Chemron), DR0206 (Akzo Nobel) 

and SPE98300 (Akzo Nobel), were evaluated as potential DRA’s in Efficient District Cooling. DR effectiveness of 



an OB/SDBS mixture in water and in 20% EG/W was characterized with different concentrations of surfactants 

and mixing ratios of OB and SDBS and additional NaNO2. DR effectiveness of ZA was measured in water, 20% 

EG/W, 30% Gly/W, 25% PG/W and 15% FA/W with varying concentrations of ZA and additional NaNO2. DR 

effectiveness of 6mM ZB and 6mM ZC were measured in water, 20% EG/W and 30% Gly with 0 and 6mM 

NaNO2 and showed that the synthesized zwitterionic surfactants are superior to the commercial zwitterionic 

surfactants for low temperature DR application.  

ZA, with broad temperature range for effective DR, was selected for detailed turbulence studies in the 2-D water 

channel at –5 and 25oC at three different concentrations (50, 200 and 1000 ppm). The 50 and 200 ppm solutions 

showed higher values of maximum DR at 25oC (59% at 50 ppm and 83% at 200 ppm) than those at –5oC (47% at 

50 ppm and 57% at 200 ppm); whereas the 1000 ppm solution had a lower value of maximum DR at 25oC (66%) 

than that at –5oC (70%). Addition of NaNO2 (the mass ratio of NaNO2 to ZA was 1:5) slightly increased the 

maximum DR at –5oC, but the maximum DR was decreased by 10% at 25oC for the 200 and 1000 ppm solutions. 

We observed similar trends in DR effectiveness of ZA with varying surfactant concentrations and additional 

NaNO2 in the flow circulation system. The experiments conducted in 2-D channel, however, gave higher values of 

maximum %DR than measured in flow circulation system, which can be attributed to the different geometries of 

the testing sections. As higher DR is associated with larger flow channels, higher %DR will be expected in 

industrial scale up of recommended DRA’s. 

 

Table 1. DR effectiveness of the most promising newly synthesized zwitterionic surfactant, ZA. 

 

         Fig. 1. DR of ZA (6mM) in 20 % EG/W (effective from -5 to 50 C) 

            

 

 Surfactant Surfactant
Conc., mM

NaNO2

[mM]
Solvent DR Temp

range*, [ºC]
Max % DR

(20ºC)
Max % DR

(~0ºC)
ZA 6 0 Water Non-DR 0 0
ZA 6 0 20% EG <-5~50 80 64 (-5°C)
ZA 6 6 20% EG <-5~40 75 76+ (-7°C)
ZA 6 0 30% Gly <-3~20 58 60 (-3°C)
ZA 6 3 30% Gly Non-DR 0 34 (-7°C)
ZA 6 6 30% Gly Non-DR 0 9 (-3°C)
ZA 6 0 25% PG <-2~20+ 79 76 (-2°C)
ZA 6 6 25% PG <-1~30 83+ 92+ (-1°C)
ZA 6 0 15% FA Non-DR 51 33 (0°C)
ZA 6 6 15% FA 20~30 65 13 (10°C)
ZA 6 12 15% FA 20~30 66+ 13(10°C)
ZA 3 0 Water 5~30 70 60(5°C)
ZA 3 0 20% EG 0~70 72 53(0°C)
ZA 3 3 20% EG 0~40 71 50(0°C)
ZA 3 6 20% EG 0~40 54 50(0°C)
ZA 3 30 20% EG  -4~30 53 70(-4°C)
ZA 1.5 0 20% EG  0~40 70 50(0°C)
ZA 0.6 0 20% EG 5~50 59 43(0°C)
ZA 0.6 3 20% EG 0~30 52 55(0°C)
ZA 0.6 6 20% EG 10~30 54 28(0°C)
ZA 0.6 30 20% EG 10~30 55 25(0°C)
ZA 0.15 0 20% EG non-DR 48(40°C) 11(0°C)

ZA/SDBS 4.5/1.5 0 20% EG non-DR from -4~50°C
ZA/SDBS 4.5/1.5 6 20% EG non-DR from -4~50°C
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Turbulence measurements with ZA-20% EG systems were also conducted in the 2-D channel using PIV. As 

shown in Fig. 2, irregular eddy motion observed in the flow without surfactant disappears in the flow with ZA. 

Statistical analysis of turbulence in the ZA/EG/W surfactant drag-reducing flow showed an enhancement of mean 

velocity in the buffer and logarithmic region, and a suppression of velocity fluctuations in both the streamwise and 

wall normal directions compared to the EG/W Newtonian turbulent flow. The Reynolds stresses were zero 

indicating a decorrelation of u’ and v’ fluctuating velocity components. 

 

Fig. 2: Instantaneous velocity and vorticity (OMEGA) distribution without (left) and with (right) 

ZA/NaNO2(50ppm, %DR=44%) in water/EG solbent. Flow in two dimensional channel, Re=5000, 

measured by PIV 

 

3.3 Development of novel synthesized and commercial nonionic surfactant DRA’s for Efficient District 

Cooling: 

Non-ionic surfactants was prepared more than 100 grams of each of these surfactants for the evaluation as DRA’s. 

These synthesized nonionic surfactants, N3, N7 and N13, did not show DR effectiveness and have little potential 

as DRA’s in Efficient District Cooling compared to a commercial nonionic surfactant, Beraid 620 

3.4 Investigation of nanostructures and correlations among DR, rheological characteristics and micelle 

nanostructures in surfactant systems promising for use in Efficient District Cooling: 

We developed methodology for the nanostructural characterization of low-temperature, surfactant-based, 

drag-reduction systems, and applied it to the study of the wide range of systems that were studied in this project. 

We have solved technical challenges involved in preparing thin enough samples of highly viscous glycol and other 

co-solvent solutions on the grid at low temperature. Another technical challenge they had overcome was the loss 

of contrast upon addition of the “cryo-protectants” used to depress the freezing point of the solutions. 

For the development of surfactant DRA’s for Efficient District Cooling, we identified threadlike micelles (TLMs; 

also referred to by others as ‘worm-like micelles’, ‘cylindrical micelles’, or ‘rod-like micelles’) in many of the 

drag-reducing systems (Fig. 3).  

We devoted significant effort to investigate the nanostructure of ZA, the most promising novel zwitterionic 

surfactant for DR for Efficient District Cooling, which was selected for detailed study by all four research groups. 

The effects of temperature, co-solvent, concentration of ZA surfactant and additional NaNO2 were examined. The 

results are summarized in Table 2. It shows interesting solvency-dependence of the nanosturtcures in ZA systems 
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supplementing their DR and rheological properties. For example, vesicles form in the 6mM ZA in water solution 

at 25°C and 0°C, at neither of which was it DR. With the addition of 20% EG or 30% Gly, or upon lowering the 

ZA concentration to 3mM in water, TLMs were observed at 0°C and the solutions (3mM ZA in water, 6mM ZA in 

20% EG/W and 6mM ZA in 30% Gly/W) are DR effective at both 0°C and 25°C. Although these solutions 

contain vesicles instead of TLMs at 25°C, it was proposed that the vesicles could transform to TLMs under the 

high shear and extensional stresses in turbulent flow thus giving DR. Because the sample preparation process in 

cryo-TEM experiments may also lead to metastable flow-induced nano-structures, some of whose relaxation times 

are long, we are able to carry out on-the-grid relaxation experiments to study the shear-induced nanostructures, 

which takes on additional importance for the study of drag reduction. We had earlier gained rich experiences in 

studying the effect of flow on sample preparation and describe details of this procedure in the published paper. 

 

Table 2: ZA Related Materials Systems Studied by Cryo-TEM 

 

Fig. 3: Cryo-TEM images of 5mM EO12/7.5mM NaSal in water and in 20% EG/W (inset) at 25°C. 

 

TLMs observed in ZA and OB/SDBS/NaNO2 mixed systems are similar in conformation to those in 

cationic/counterion DR solutions. In a number of other newly synthesized novel zwitterionic surfactant systems, 

however, we observed other nanostructures that seem to play a role in DR, especially ‘perforated membrane 

patches’ and threadlike micellar tangles (TLMTs). Those structures may be precursors to TLMs that form upon 

flow, and are instrumental in the mechanism of DR. For example, TLMTs form in the water solutions of 6mM ZB 

and 6mM ZC and the 6mM ZC in 20% EG/W solution at 25°C, all of which are DR effective at room temperature. 
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The solutions of 6mM ZB/6mM NaNO2 in 20% EG/W and in 30% Gly/W exhibited Type A and Type B DR 

behaviors which are rarely seen in surfactant DR systems. The crystals, shown in cryo-TEM and diffraction light 

microscopy images, are likely to undergo flow-induced structural changes in turbulent flow and are associated 

with this uncommon DR behavior. Ongoing study of this phenomenon is being carried out. 

Overall, we has made significant achievements in obtaining micelle nanostructures which can be correlated with 

DR results obtained by the flow loop tests and rheological measurements with surfactant DR systems. The 

rheological properties can be but are not always correlated with DR, because rheological experiments generate 

flow in the laminar regime and cannot reflect microstructural changes in the high shear rate ranges encountered in 

turbulent DR flow. High ratios of extensional viscosity to shear viscosity were generally observed in DR effective 

systems with the presence of TLMs at quiescent state or under low shear rates. Dilute solutions of liquid crystals 

and vesicles often exhibit Newtonian behavior with low relative viscosities, for which no apparent correlations 

can be established between rheological properties and significant DR, e.g., 6mM ZB/6mM NaNO2 in 30% Gly/W. 

For these systems, cryo-TEM images can provide detailed information about microstructure changes under shear, 

which may be correlated with turbulent flow-induced DR. 

3.5 Developed techniques to enhance heat transfer of low temperature DR EG/Water systems: 

We designed a block device to enhance heat transfer effectiveness of surfactant DR solutions for Efficient District 

Cooling. The effectiveness of this device were tested with 50ppm ZA in 20% EG/W at –5 and 25oC. As shown in 

Fig. 3, the block device showed heat transfer enhancement especially at large Reynolds numbers and adjacent to 

the entrance of the heating section with maximum local heat transfer enhancement as high as 100%. Superior to 

most other destructive devices such as mesh plug and static mixer, the block device showed a very small pressure 

drop penalty. The effectiveness of the Block destructive device for heat transfer enhancement was probably due to 

the shear and extensional flow field generated in the contracting-expanding flow passages of the destructive 

device, which destroyed the surfactant micellar structures effectively.  

3.6 Developed experimental techniques for efficient screening of small samples of newly synthesized 

surfactant DRA’s: 

As noted above, the correlation of rheological properties with DR is not always explicit. Although good 

correlations can be obtained between DR and the solution nanostructures, cryo-TEM is a labor- and equipment- 

intensive technique preventing easy screen testing of newly synthesized candidate surfactant DRA’s. In this 

project, we have made significant progress in developing efficient experimental techniques for fast screening of 

small samples of newly developed surfactant DRA’s. 

In previous studies related researchers observed that small elasticity, which is hard to characterize in conventional 

rheological experiments, can affect the free surface shape and the secondary flow pattern in the meridional plane 

of a cationic DR solution swirling flow. We analyzed an open cylindrical swirling flow experiment using the 

depression of the free surface h/H as a simple indexer for determining the viscoelasticity of surfactant solutions 

that may be used to screen for effective turbulent friction drag reduction, thus overcoming the difficulty of 

screening an effective low viscoelastic drag-reducer by rheological measurements. 

We also designed and constructed a rotating disk apparatus for efficient screening of promising DRA’s. Results of 



torque measurements with two Newtonian solvents, water and 30% Gly/W, are in good agreement with empirical 

model predictions in the literature. Its smaller capacity (~1 liter) will allow quick screening of newly synthesized 

surfactant additives for which only 1~2 grams of sample is available.  
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4. Conclusions 

The following conclusions can be drawn from the research of the TEAM during FY2002-2004: 

Our team has achieved results from the 5 major tasks for the project, proposed in the original research plan. These 

are:  

1) Stable DR additives effective over the desired temperature range (-5 to 15°C) in EG/water were developed, 

including commercially available cationic/counterions, nonionic, zwitterionic and zwitterionic/anionic mixed 

surfactant additives and synthesize new surfactants for DR evaluation. 

2) Rheological characterizations of promising additive systems at temperatures ranging from -5 to 25°C in 



EG/water was carried out. 

3) Surfactant microstructures in low temperature EG/water systems using Technion cryo-TEM imaging were 

determined and microstructures to chemical structures, rheological behaviors and drag reduction effectiveness 

ware related. 

4) Heat transfer enhancement techniques for DR surfactants in 20% EG/W systems at –5 to 15°C were developed 

5) turbulence and fluctuating temperature in DR surfactant solutions in 20% EG/W at –5 to 25°C were measured. 

As the page number is limited in this report, other important research results will be appearing in the journal paper 

listed in the last part.  
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