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ABSTRACT

Liquids are often pumped in closed loops to trans-
fer heat from a high temperature source to a low tem-
perature sink. They operate at low Reynolds number
when the diameter of the pipe is small, the fluid veloc-
ity is low, or when the working liquid is very viscous.
Ionic liquids, though environmentally friendly, typi-
cally have viscosities much larger than water. An ana-
lytical study is made of the process for the purpose of
determining what the important physical parameters
of the system are that will enable the largest quan-
tity of heat to be transferred for unit work expended.
For this purpose, a loop is considered that has a pump
that generates a certain pressure rise and two heat ex-
changers, one for heating the fluid and the other for
cooling it. Laminar flow that is fully-developed hy-
drodynamically and thermally is assumed. The analy-
sis is based on constant fluid properties, and analytical
expressions are obtained for the heat rate and the work
1mput.

*Address all correspondence to this author: Mi-
hir.Sen.1 @nd.edu

Abstract
Nomenclature

D diameter of pipe

k fluid thermal conductivity

L total length of loop

L. length of cooled section

Ly length of heated section

Nu Nusselt number in heat exchanger
Ap pressure increase in pump

0 heat transfer rate

R =Q/W

T temperature of fluid

1. temperature of cooling fluid

T temperature of heating fluid

T temperature fluid entering cooler
o temperature fluid leaving cooler
T}f” temperature fluid entering heater
I temperature fluid leaving heater
\% average fluid velocity

w mechanical power input

X local coordinate inside heat exchanger
Greek symbols

o, Be, B non-dimensional parameters

p fluid density
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u viscosity of fluid

1 Introduction

Although ionic liquids have been around for about
a hundred years [1], there was little interest in them
until recent years because of their limitations; they
were unstable in the presence of air and water [2].
The last decade has seen the production of a number
of ionic liquids that are stable over a wide range of
temperatures, and hence there has been a remarkable
increase in interest in this liquid. Using the phrase
“ionic liquid” in a scientific literature database pro-
duced 7,082 hits ranging all the way back to 1939.

Ionic liquids are salts, usually with organic cations
and inorganic anions. They usually have low melting
points, i.e. below 100°C, so that they can be liquid at
room temperature. They also have a number of desir-
able properties that make them suitable for a variety
of applications. Many of these salts are commercially
available. Recent reviews of the subject has been writ-
ten by Sun [3] and Panday [4].

Interest in ionic liquids from the perspective of
their low environmental impact has mostly been a con-
sequence of their low volatility and wide range of tem-
perature in which they are liquid. Most of the applica-
tions so far have been related to chemistry or chemical
engineering. Examples are environmentally-friendly
manufacturing and chemical processes [5, 6], solvents
in chemical analysis [4], synthesis of inorganic mate-
rials [7], extractions [7, 8], homogeneous and hetero-
geneous catalysis [9], CO; capture [10], treatment of
high-level nuclear waste [11], for Hg2+ and Cd2+ re-
moval from waste water [12], photolytic degradation
of organic compounds [13], and materials for opto-
electronic applications [14].

Since ionic liquids have high heat capacity, high
density, high thermal and chemical stability, non-
flammability and non-toxicity, they can also be poten-
tially used in thermal engineering applications. They
have been used as heat transfer fluids and for ther-
mal storage in solar collector [15-17]. Because of
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Figure 1. Schematic of closed loop.

their ability to absorb CO;, they have also been pro-
posed for absorption refrigeration [18-20]. Some of
the material properties that play a role in these appli-
cations are thermal conductivity, heat capacity and re-
lated thermodynamic and thermophysical properties.
Some of these properties can be found by molecular
computation, and others by measurement.

It is possible to choose suitable cations and an-
ions and hence design or tailor ionic liquids to give
desirable properties for specific needs. Thus, for use
as a heat transfer fluid in a closed loop, it may ap-
pear that it is desirable to have an ionic liquid that has
both high conductivity for better heat transfer and low
viscosity for easier pumping. But it is a priori not
clear which of these two properties, if any, is the more
important, or even how exactly each affects the heat
transfer. That is the purpose of this analysis: to deter-
mine, though a very simplified analysis, the heat rate
and pumping power in a closed loop as a function of
the properties of the liquid.

2 Description of loop

A pipe of constant diameter forms a closed loop
as shown in Fig. 1 in which a pump is used to drive
a viscous fluid around the loop. There are two heat
exchangers, one cools the fluid and the other heats it.
The rest of the loop is insulated.
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3 Governing equations
3.1 Momentum

The Reynolds number for ppe flow is defined as
Re = pVD/u, where p is the fluid density, u is the
fluid viscosity, V is the average velocity in the pipe,
and D is the pipe diameter. We will assume that it is
small enough for the flow to be laminar. Taking vis-
cous resistance to be that corresponding to Poiseuille
flow, we have

nD?

where L is the total length of the loop, and Ap is the
pressure developed by the pump.
The mechanical power input at the pump is then

DZ
W= vapT @)

which can be written in terms of the pump pressure
rise as

Dt
- Ap2.
W= 18P ©)

3.2 Energy

We will assume the heat exchangers to be of
concentric-tube configuration, and that the flow rates
of the cooling and heating fluids are high enough for
them to be at a constant temperature 7, and 7}, respec-
tively. Let x be the coordinate along a heat exchanger,
so that x = O is the inlet; x = L. is the outlet for the
cooler and x = L, for the heater.

For the heater, for example, energy balance at any
x location gives

nD?*  dT
= Ve=— =hnD(T,—T 4

from which

in 4hx
T=T,— (T, —T;") exp ( pDVC) .0
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Thus

ou. in 4th
T =T, — (T — T;") exp (_pDVc) . (6)

Similarly, for the cooler

in 4hL
T =T+ (T" = T.) exp (- pDVCc ) )

Aside from the heat exchangers, the rest of the
loop is assumed to be insulated so that

T =T, ®
Tin — TCOMZ. (9)

From these equations, the four heat exchanger in-
let and outlet temperatures can be calculated to be

T." = FyTj, + EyF. T, (10)
T = E.F,T, + F.T.,, (11)
T, = EcFTy+ F. T, (12)
" = FyTy + EyF T, (13)
where

£ 4hLy, (14)

.= €X —

h,c p pDVC 3

4hLy,
I —exp (— pDVL-)
Fhe =

) Ah(Le+Ly) \

(15)

This gives the heat transfer rate at the cooler and
heater as

D? :
0= p—n4 Ve (TC’" — Tcom)
nD? :
= o™ Ve (1)
nD?
= pTVC{(Fh —EFy) Ty, — (F. — EpF.) T}

(16)
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Substituting V = Ap D?/32uL from Eq. (1), and writ-
ing h = Nu k/D, where Nu is the Nusselt number, we
get

_ pan4Ap G.Gy,

= T, — T, 17
0 8uL H (Th—Te) (17)
where

128 Nu kul.L.

=1- - : 18

G exp( Dipch ) (18)

128 Nu kuL(L.+ Ly,

H=1—-exp|— ukuL(Le + Ly) (19)

D*pcAp

It is interesting to note that as Ap — o, O — Qnaxs
where

L.L,
Le+Ly

Qmax =T7Nu k (Th - Tc) . (20)

Beyond a certain pressure difference, the pumping
power increases but the heat transfer rate does not; the
maximum value of the heat rate only depends on the
fluid thermal conductivity and not on its other proper-
ties.

From Eq. (3), the heat transfer rate per unit work
input is

(Th—T), 1)

where R = Q/W. This can be written as

. (1 — e*BC> (1 — e*Bh) )

-« 1 —e*BC*Bh ’

where the non-dimensional parameters are

pc (T, —To)

128 Nu kuLL,
= —0— 24
Be D¥pcAp (24)
g le N (25)
D frRe*Pr
128 Nu kulLj,
= — 26
Bh D4pCAp (26)
Ly Nu 27
D frRe*Pr’

where the Fanning friction factor and Prandtl numbers
are fr = DAp/2pV>L, and Pr = uc/k, respectively.
For B¢, B > 1, we can write

R~ aq, (28)

while for B¢, B, < 1, we have

R~ BeBr (29)
Bc + Bh
128Nu ku (T, —T,) L Lo Ly
= 2T 3
DAp? DD D

3.3 Numerical example

Consider a loop of geometry such that D =0.01 m,
L=1m,L.=L,=0.3m. Let the fluid properties (ap-
proximately those of the ionic liquid [Emim][EtSO4])
bep=1.2x10°kg/m3,c=1.6x10%J/kgK, k=0.29
W/m K, uy=6.24 x 1072 Pa s, operating under the
conditions 7; = 100°C and T, = 0°C. The Nusselt
number corresponding to fully developed flow with
uniform wall temperature is Nu = 3.66.

For Ap =200 Pa, we get the parameters ot = 9.6 X
10°, and B. = B, = 0.662. The operating conditions
are then V =0.01 m/s, Re =1.926, 0 =483 W, W =
1.573 x 107 W, R = 3.07 x 10°.

If we vary Ap, keeping all other system parameters
to be the same, we can calculate and plot the variables
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Figure 2.  Fluid velocity in loop.
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Figure 3. Heat transfer rate.

of interest. The velocity of the fluid V' is shown in
Fig. 2 indicating that the relationship is linear. The
heat rate is shown in Fig. 3; it levels off after a certain
value of Ap and there is little point in increasing Ap
beyond this. The power input is displayed in Fig. 4
and shows an increasing trend. Finally, Fig. 5 shows a
decreasing trend in the ratio between the heat rate and
the power.

4 Conclusions

A simplified analysis has been made of the flow
and heat transfer around a closed loop. The flow is
driven by a pump characterized by a pressure increase.
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Figure 4. Mechanical power input.
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Figure 5. Ratio of heat transfer rate to mechanical power input.

The heat transfer occurs at two heat exchangers, one
to heat the working fluid and the other to cool it. The
heat rate and pumping power as well as the ratio of
the two can be determined. Here we have presented
them as a function of the pressure rise in the pump,
which is a characteristic value that represents the size
of the pump. The qualitative result is somewhat sur-
prising: the viscosity and thermal conductivity occur
in the ratio R as a product. In other words, it is as
convenient to have a higher viscosity as an increased
thermal conductivity. The latter is not surprising, but
the former is. The physical reason is that a higher vis-
cosity leads to a lowering of the flow rate around the
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loop so that the temperature changes in the heat ex-
changers are high; the fluid is better able to extract
heat and transport it. There is also an optimal pump
pressure difference because, beyond a certain value,
the pumping power increases but the heat rate does
not.
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