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In 1994, the first commercial application ofrfagtant drag reduction was
conducted in Japan for the air conditioning sysienthe Shunan Regional Industry
Promotion Center building. A commercially availableg-reducing additive (LSP-01)
based on the mixture of a cationic surfactant,uat&r ion, and corrosion inhibitors was
developed based on the results of the projecteSife5, LSP-01 has been used at more
than 180 sites in building air conditioning systetm®ughout Japan. The drag-reducing
technique was adopted recently for an air conditigisystem in a skyscraper in Tokyo.
Here, | measured the drag reduction and heat gaobkfracteristics during the cooling
operation of a heat exchanger for a surfactantaacolunter ion system, Ethoquad O/12
and NaSal. The analogy between the momentum andrhaafer for the drag-reducing
flow is also discussed.

Introducti Industry Promotion Center, and the LSP
ntroauction Cooperative have collaborated to adopt a
Many studies of surfactant drag drag-reducing technology for practical use.
reduction have been conducted since théur group has acquired two basic patents in
1980s, including investigations of the Japan which propose the use of cationic
selection and optimization of additives, dragquaternary ammonium surfactants to reduce
reduction flow properties, the mechanisms ofthe  energy = consumption of  water
drag reduction, and more. It is known thattransportation (Usui and Tokuhara, 1992;
certain cationic quaternary ammonium Tokuhara and Usui, 1995) and we developed
surfactants with certain counter ions displaya commercial drag-reducing additive product
significant drag reduction qualities for water. (hamed LSP-01) based on the mixture of a
It is necessary to evaluate a surfactantationic surfactant (oleylbishydroxy
according to not only the drag-reducing effect;-ethylmethyl ammonium chloride), sodium
but also the solubility in a lower temperature salicylate, and corrosion inhibitors. Osaka
range (5—15°C) and the obstruction caused bysas Co. selected oleyltrinydroxyethyl
some ions dissolved in water for practical use-ammonium chloride as an alternative
Yamaguchi University, the Shunan Regionalquaternary ammonium cationic surfactant,



and they developed another commercialduring heating operation for two types of
drag-reducing additive product (named cationic surfactant (Saedi al., 2013). Based
Eco-micelle). on the results obtained under a constant heat
Drag reduction caused by surfactantflux condition, we proposed a suitable
solutions is considered an effective way toconcentration of the surfactant which showed
reduce the pumping power in closed-looplower heat transfer reduction inside the heat
district heating and cooling systems. In 1994 exchanger. Since the heat transfers under the
the first commercial application of surfactant cooling operation of most air conditioning
drag reduction was conducted in Japan by ousystems are conducted under constant-wall
group for the air conditioning system in the temperature conditions, the cooling ability
Shunan Regional Industry Promotion Centermight be reduced when heat transfer
building. The building has two stories with a reduction occurs. Therefore, it is also
total floor space of 2490 inand the water necessary to show heat transfer characteristics
capacity of the air conditioning system is% m during a cooling operation together with drag
Since 1995, LSP-01 has been used at moreeduction effects.
than 180 sites in building air conditioning Here, | present a recently developed
systems throughout Japan, including officedrag-reducing technigue adopted for an air
buildings, hotels, hospitals, supermarkets,conditioning system in a skyscraper in Tokyo,
airport facilities, and industrial factories the water capacity of which is 140°nThe
(Saeki e al., 2002). Almost all of our heat transfer data measured during the
drag-reducing projects showed more than aooling operation of a heat exchanger is also
20% reduction in the pumping power shown in order to consider the heat transfer
required for circulating water, and some airreduction in a lower temperature range. This
conditioning systems have obtained up toinformation will be useful for future designs
60% energy savings (AIST, 2008). The waterincorporating this technology.
capacities of these systems were at most
dozens of rm Recently, commercial
applications of drag reduction using LSP-01
has been conducted for the air conditioning
systems of very high buildings (skyscrapers) .
in metropolitan areas, the water capacityl'l Materials
values of which are more than a hundréd m The drag-reducing additive used for the
These projects demonstrate the remarkableir conditioning system of a skyscraper in
development of this technology. However, Tokyo was a commercial product, LSP-01M
not a few researchers have pointed out thaL'SP Cooperative Union, Shunan), which
heat transfer reduction occurs simultaneouslycontains the following:
for drag-reducing flows (Aguilaat al., 2001,
Inabaet al., 1995, 1997; Nobuchiket al.; -Cationic surfactant: oleylbishydroxyethyl
2000; Qietal.; 2001, 2003; Steifft al., 1998;  -methylammonium  chloride, @3N
Usui and Saeki, 1993). It is not easy to(C:H,OHLCHCI, Commercial name:
measure the exact heat transfer reduction foEthoquad O/12 produced by Lion Akzo Co.
practical air conditioning systems; however, - Counter ion: sodium salicylate (NaSal)
in all of the abovementioned projects with HOGH,COONa
LSP-01, no predicted serious problems of.Corrosion inhibitor for iron and zinc:
heat transfer has been detected. Our group sodium molybdate, NsloO,
measured the heat transfer characteristicScorrosion inhibitor for copper:

1. Experimental



Commercial name: Chiolite, produced by 3) Upper-level system:
Chiyoda Chemical Co. Primary loop with 15 heat pumps to
fan coil units and air handling units

The weight ratio of the surfactant and NaSalpjate-type heat exchangers were installed to
is 1.67, which was determined previously yansfer the heat from the primary loops to the

(Saeki & al, 2013) as the suitable gecondary loops. Since the detailed plumbing
concentration by taking into account both theconstitution is not formally open, the

drag-reducing effect and the heat tranSferdrag-reducing effect was evaluated by
characteristics. The drag-reducing additivecomparing the flow rates obtained before and
used for the laboratory experiment was also &fer the additon of LSP-01M. The
mixture of Ethoquad O/12 and NaSal. experiment was conducted during the cooling
operation in the summer of 2012, and the

. e . flow rate was measured using an ultrasonic
1.2 Air conditioning system of Tokyo flowmeter (Model Portaflow X, Fuji Electric

skyscraper Co.).
Our group used the drag-reducing
technology for the practical air conditioning

system of a 23-story skyscraper in Tokyoq 3 Laboratory heat transfer
with a 3-story basement and a total floor experiment

space of 88,000 mThe water capacity of the  "The experimental apparatus used for the
system was 140 InThe air conditioning drag reducton and heat transfer

system consisted of the following three measyrements is a recirculation system,

systems: shown inFigure 1 Drag-reducing agents

1) Lower-level system: were added to a tank and solutions were
Primary loop with 14 heat pumps prepared. The temperature of the solutions
Secondary loop to fan coil units and was controlled by a heater with a temperature
air handling units control device. The flow rate was controlled

2) Middle-level system: by an inverter system installed to a main
Primary loop with 6 heat pumps pump and was measured by an
Secondary loop to fan coil units and electromagnetic flow meter (Model FD-83,

air handling units
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1

Heater Cooling section : 1845 mm

- >

Tank (19.6 L)
Back to the chilling unit

T T T . Strainer

- - 1 —3 —
T.G.1 T T.C.2 TT-C-3 T.C.4 1 ;.5,6

Double-pipe
heat exchange

Inverter i
Chilling unit (14.46mm i.d.)

—

L1
Electric differential manometer
1894mm

Fig. 1 ExperimentaBpparatus



Keyence Co.). The cooling section was a
double—pipe heat exchanger which consisted DRY% = fw — 1 * 100 @)
of an inner copper tube and an outer fy
polyvinyl chloride (PVC) pipe. The copper
tube was a practical heat exchanger tub&Reynolds numbers were calculated with the
(inside dia. 14.5 mm, outside dia. 17.1 mm).property of water (Ohlendorf, 1986) at the
The length of the heat exchanger was 184%verage temperature of the inlet and outlet of
mm. Enough chilled water (4°C) was the test section. The amount of heat flow was
supplied to the outer pipe to obtain a constantalculated using Eqg. (3).
wall temperature condition during the cooling
section. The wall temperatures outside the
copper pipe were measured at three points Q = GCp(Tou — Tin) )
(thermocouples [T.C.] 2, 3, and 4) by T-type
thermocouples buried in the pipe (depth = 0.5The heat transfer coefficient was calculated
mm), and the average wall temperatiiigy,  using Eq. (4).
was calculated. The inlet temperatulg,
was measured just before the section (T.C. 1). h = Q @)
Two T-type thermocouples (T.C. 5 and 6) O TAAT
were fixed at different positions inside the
pipe just after a strainer, and the outletWhere, AT, is a log mean temperature
temperature of the heat exchandes, was  difference defined as Eq. (5).
obtained by averaging these values. All of the
thermocouples were connected to a data 1, _ (Tin —Tva) — (Tout —Twa) 5
logger (Model ZR-RX40, Omuron Co.). The L[ (Tin —Twa)~ { Tou—Twan)]
uncertainty in any thermocouple reading was
less than +0.05°C. All of the data were Here, for a convenient comparison of the heat
obtained over 5 min and averaged. Thetransfer results between water and test
temperature difference between the inlet andsolutions, | defined the heat transfer reduction
outlet of the heat transfer test section was setate,HTR%, as follows with Eg. (6).
at more than 0.5°C throughout the
experiments. The pressure drop was
measured with an electric differential
manometer (Model MT-210, Yokogawa
Electric Co.) between taps installed in a
1894-mme-long copper pipe.

Friction factors were determined as

hw — hs
HTR% =——— x100 (6)
hw

2. Results and Discussion

follows using Eq. (1). 2.1 Drag-reducing effect for the
skyscraper’s air conditioning system
f = 1 AP b _r 1 Before the addition of the drag-reducing
4 L puf/2 additive, the average flow rate of the lower

primary loop was 508 ¥, the frequency
For a convenient comparison of the dragsetting of the inverter was 46 Hz, and the
reduction results between water and testurrent of the loop main pump was 46A.
solutions, | defined a drag reduction rate,LSP-01M was injected from a branch arm of
DR%, as follows in Eq. (2). the pump discharged pipe at the concentration

3000 mg/L (the concentration of Ethoquad



O/12 was 300 mg/L). As the drag reductionaround 60% and the average velocity was
occurred, the flow rate rose to 575/m  1.73 m/s. When the Reynolds number was
which is equivalent to a flow rate increase offurther increased, the drag reduction was lost
13.1%. The flow rate was then adjusted to theather abruptly. The minimum friction factor
former value (508 fth) by reducing the values were almost the same for the weight
frequency of the inverter to 34 Hz. ratios 1.67 to 5.0. Also, taking into account
Consequently, 31.0% energy saving wasthe cost of the additive, the weight ratio 1.67
achieved for the lower primary loop, is suitable to obtain a sufficient drag-reducing
assuming that the voltage and power factoeffect in a lower temperature range, which is
are constant. the same value as that obtained for a higher
Table 1shows the overall results of the temperature range (Saekial., 2013). In the

energy-saving rate for the air conditioning practical applications of the drag-reducing
system. The energy-saving rate depends oeffect, the adsorption of the surfactant to a
the loops, which might be caused by thepipe wall occurs frequently, which leads to
difference in plumbing constitution, the excess counter ion conditions. Even the ratio
pumping power, the operation rate of the airof NaSal increases from the suitable value;
conditioners, and so on. As a result, thehowever, no serious problem may occur with
addition of LSP-01M brought about a more the drag-reducing effect.

than 15% reduction in energy consumption of )
the pumps in this project. 107 ‘ ‘ ‘

Table 1 Energy-saving rate evaluated for each loop
of the skyscraper -

Level Loop Energy-saving

rate [%0]
Upper Primary 21.0 10° ‘ ‘ ‘
Middle —_Frimary N/A 10* 5% 10*
Secondary 36.9 Re[-]
Lower Primary 31.0 Weight ratio of surfactant and NaSal

Secondary 15.0 & 500 —— 1.00
—0— 250 —A—  0.83

—~v— 167 —— 0.50
-  1.25

2.2 Heat transfer characteristics of
drag-reducing surfactant solutions Fig. 2 Drag reduction results for Ethoquad O/12
in a lower temperature range and NaSal systems at different weight ratios
at12.5°C

As a preliminary work, drag-reduction
measurements were carried out on Ethoquad ~Figure 3 shows the drag reduction
0/12 (200 mg/L) with NaSal solutions at results for Ethoquad O/12 and NaSal systems
different weight ratios at 12.5°Gigure 2 ~ at different surfactant concentrations. A
shows the friction factor§, and the Reynolds typical trend of the drag reduction can be seen
numbers,Re, for the solutions. The friction for 200 mg/L, ie. the drag reduction
factor decreased with the Reynolds numbefncreased with the Reynolds number and
and reached minimum values Re=20737.  reached the maximum point. When the
At this point, the drag reduction percent wasReynolds number was further increased, the



drag reduction was lost rather abruptly. Micelle aggregates of the drag-reducing
Since this phenomenon might be caused byurfactant are expected to suffer mechanical
the breakup of the surfactant micelle degradation inside heat exchangers, in which
structures due to high shear, the maximunthe average velocity inside the equipment is
point was shifted to a lower Reynolds numberusually designed to be in the range of 2.0 m/s
for the lower concentration. In contrast, theto 2.5 m/s for practical air conditioning
500 mg/L solution maintained a high level of systems.

drag reduction over a higher Reynolds
number range.

B} 2X 107
10 r T T T ] 10
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Re[] Fig. 4 Heat transfer results for Ethoquad O/12 and
NaSal systems at different concentrations at
Fig. 3 Drag reduction results for Ethoquad O/12 12.5C
and NaSal systems at different
concentrations at 126
10 Ethoquad O/1f — — 1T = =
) ) ] ﬁ %88 mg/L J
Figure 4 gives the corresponding heat ~ _ 80-|<- 500 1
transfer test results for the solutions. The & . 1
figure presents the relation between the 3 ]
NWPr’* values and the Reynolds numbers. © 4 |
All of the solutions with the drag-reducing ) 1
additive showed significant heat transfer
reduction. The 100 and 200 mg/L Ethoquad e T
O/12 solutions reached the Newtonian line (cf. u [mis]

the Dittus—Boelter equation) in a higher
Reynolds number region; however, the 500Fig.5 Drag reduction as a function of average

mg/L solution maintained a high level of heat velocity for Ethoquad O/12 and NaSal
transfer reduction. systems at different concentrations at
Figure 5 shows theDR% for the 12.5°C

Ethoquad O/12 solutions in which the

horizontal axis was chosen as the average Figure 6 shows theHTR% for the
velocity. In this experimental range, the solutions versus the average velocity. The
maximum drag reduction reached a peak ofmaximum drag reduction reached a peak of
around 65%. The average velocity that75% to 90%. The 100 and 200 mg/L
showed the maximurDR% decreased with Ethoquad  O/12  solutions  showed
the decrease of the surfactant concentratiorconsiderably smallHTR% values at the



average velocity > 2 m/s, which confirms thata surfactant, Ethoquad O/12, the analogy
no serious problem of heat transfer occurredetween the momentum and heat transfer for
inside exchangers. the drag-reducing flow might be invalid for
Since the absolute valuedd#% do not  the drag-reducing flow; however, the trend of
accord with those oHTRY%, the analogy DR% with Reynolds number is almost the
between the momentum and heat transfer isame as that obtained wittHTR%.
invalid for the drag-reducing flow. However, Maintaining the concentration of the
a tendency which shows a sudden fall atsurfactant is quite important to prevent the
higher Reynolds numbers (higher averageheat transfer reduction as well as to obtain
velocity) is similar to thddR% with HTR%  sufficient energy saving by the drag
for the same additive concentration. One ofreduction.
the reasons for this inconsistency of the
analogy law may be related to the complex

rheology of the drag-reducing solution. Acknowledgements
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T a0 |
L Ethoquad O/1p
20| o= 300"t 1
L|—4 500 Nomenclature
O0 T A = cross-sectional area inside a tubé [m
U [s] G = specific heat Kg' K™
D = tube diameter [m]
Fig. 6 Heat transfer results as a function of average DR% = drag reduction percent defined by Eq.
velocity for Ethoguad O/12 and NaSal 2 [%0]
systems at different concentrations at f = friction factor [
12.5°C G = flow rate kel
h = heat transfer coefficient-fd?-s*- K]
Finally, as a practical aspect of the HTR\% = heat transfer reduction percent defined
drag-reducing application, maintaining the by Eg. (8) [%0]
concentration of the surfactant is quiteL = length of the test section [m]
important to prevent the heat transferNu = Nusselt number [
reduction, as well as to obtain sufficient Pr = Prandtl number [
energy saving by the drag reduction. Q = volumetric flow rate [rs]
Re = Reynolds number [
T = temperature OQ]
. u = average velocity [m/s]
Conclusions AP = pressure difference [Pa]
A drag-reducing technique was adopteda 7 = temperature difference q
for the air conditioning system of a 23-story p = density [kgfin
skyscraper in Tokyo, the pumps of which <Subscript>
showed a more than 15% reduction of energys = surfactant
consumption. Based on the drag reductiorw = water
results and the heat transfer characteristics of
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