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ABSTRACT

Nanofluids are a class o f fluids comprised o f a base fluid with nanoparticles in a colloidal 

suspension. These fluids have been shown to exhibit substantially higher thermal 

conductivity than their corresponding base fluids. Investigation is required to determine 

if  this property may be exploited for the purpose o f  improving the performance o f 

systems employing liquid heat transfer. Detailed analyses of CuO/60% ethylene glycol 

and Al2O3/60% ethylene glycol nanofluids’ heat transfer properties were conducted to 

determine i f  they provide a net benefit in commercial facility heating systems. The 

analyses employed previously developed correlations for nanofluid thermophysical, fluid 

dynamic and heat transfer properties. Computational models were also developed to 

characterize the performance of hydronic finned tube heaters and air heating coils with 

nanofluids, and to compare the nanofluids’ performance with that of their base fluids. 

Several aspects o f heat transfer performance were analyzed including heating output, 

frictional pressure loss, and associated pumping power. These data are analyzed to 

determine if the selected nanofluids can improve heating output, reduce required liquid 

pumping power or reduce the size of heating equipment. The analyses predict that the 

nanofluids examined exhibit superior heat transfer performance to that of the base fluids 

under certain conditions.
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CHAPTER 1 

THESIS INTRODUCTION

1.1 Background

Liquid heat transfer is a process that is ubiquitous in modern day engineering 

applications. In northern climates it is often necessary to employ glycol based heat 

transfer fluids to provide freeze protection. While freeze- and burst-protection are highly 

valued properties, these solutions suffer from relatively inferior heat transfer properties 

due to lower specific heat, higher viscosity and lower thermal conductivity than water. 

These characteristics lead to derating of heat transfer equipment of many types, which 

can lead to an overall increase in the energy consumed by any building or process using 

them. Nanofluids may hold promise to help mitigate these impacts.

Nanofluids for heat transfer applications are comprised of solid phase 

nanoparticles typically 100 nm or less in size dispersed in a base fluid. Nanofluids for 

heat transfer usually have a base fluid of water, glycol or oil. The nanoparticles can be 

one of many types. In the literature there is documentation of titanium dioxide (TiO2), 

copper oxide (CuO), copper (Cu), alumina (Al2O3), carbon nanotubes, zinc oxide (ZnO) 

and silicon dioxide (SiO2) being used in this application. Nanofluids may possess 

thermal conductivity that substantially exceeds that of their base fluids, and can exceed 

the thermal conductivity predicted by theories developed for fluids with suspended 

microparticles. Nanofluids may also exhibit a higher Nusselt number in internal flow



situations. It is thought that these characteristics may be exploited to improve the 

performance of heat exchangers.

1.2 Literature Review

The properties of nanofluids, and their potential for beneficial use, have led to a 

growing body of published work documenting their thermophysical and heat transfer 

properties. The work of Lee et al. [1] showed that Hamilton-Crosser [2] model for the 

thermal conductivity of two-phase solutions was inaccurate for certain types of 

nanofluids. Eastman et al. [3] measured an increase in thermal conductivity of up to 40% 

in ethylene glycol (EG) solutions with low concentrations of Cu nanoparticles with 

average size less than 10 nm. These results are also considerably better than those 

predicted by Hamilton-Crosser. They observed a considerably higher thermal 

conductivity for the Cu/water nanofluid, compared to water. Furthermore, the Cu/water 

nanofluid was considerably better than that measured for solutions of ethylene glycol 

with CuO or Al2O3 in similar volumetric concentrations.

As mentioned earlier, conventional theories of thermal conductivity of fluids with 

microparticles (micron sized particles and larger) tend to predict the thermal conductivity 

of nanofluids unreliably. Several authors, including Keblinski et al. [4], Xuan et al. [5] 

Jang and Choi [6], Koo and Kleinstreuer [7], and Prasher et al. [8], among others have 

focused on Brownian motion of the nanoparticles within the liquid medium as a key 

mechanism contributing to anomalous increases in thermal conductivity of nanofluids. 

Other authors including Xue [9], Xue and Xu [10], Yu and Choi [11] and Kang et al. [12]
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have developed models accounting for an interfacial layer forming at solid-liquid 

boundary as the primary means of increased thermal conductivity. The work of Beck et 

al. [13] contradicts the view that the Hamilton-Crosser [2] correlation is inadequate to 

predict nanofluids’ thermal conductivity. This is a reflection of the fact that nanofluids 

are a relatively new class of fluids and the science and engineering to understand and 

characterize these fluids are still developing.

Chon et al. [14] conducted an experimental study of thermal conductivity of 

nanofluids comprised of deionoized water with alumina nanoparticles in sizes ranging 

from 11 nm to 150 nm. This work appears to validate the theoretical model proposed by 

Jang and Choi [6] for nanofluids of this type. Chon et al. also conclude that nanofluids’ 

thermal conductivity increases with temperature, and decreasing particle size. Vajjha and 

Das [15] conducted experimental work that yielded correlations based on the form 

developed by Koo and Kleistreuer [7] for the thermal conductivity of CuO/60% EG and 

Al2O3/60% EG nanofluids over relatively broad ranges temperature and volumetric 

concentrations.

Namburu et al. [16] developed a correlation for viscosity of a nanofluid 

comprised of copper oxide in 60% ethylene glycol/40% water solution (by mass, 

hereafter referred to as 60% EG), based on experimental results. The correlation was 

developed for volumetric concentrations up to 6.12%, and for temperatures -35°C to 

50°C. Their work shows that the nanofluid exhibits Newtonian behavior. This study 

demonstrates that the nanofluids’ viscosity increases significantly with increasing 

volumetric concentration, and decreases significantly with increasing temperature.
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Vajjha and Das [17] experimentally characterized the specific heat of three 

different types of nanofluids in a 60% EG solution. Based on these measurements, a 

general specific heat correlation for alumina, silicon dioxide and zinc oxide nanofluids, in 

volumetric concentrations of up to 10%, and over a temperature range from 315K to 

363K was developed. Their correlation predicts the nanofluids’ specific heat as a 

function of volumetric concentration, particle specific heat and solution temperature.

Other authors have focused on developing theories and correlations that describe 

the performance of nanofluids in forced and natural convection. Li and Xuan [18] 

experimentally characterized the heat transfer and fluid dynamic properties of nanofluids 

under laminar and turbulent flow conditions in pipe flow. The nanofluids were comprised 

of copper nanoparticles in water with volumetric concentration up to 2%. The data 

indicated that dilute nanofluids exhibited considerably higher heat transfer coefficients 

than water under laminar and turbulent flow conditions. Li and Xuan determined that the 

friction factor for the nanofluids were equal to those of pure water. More recently, Jung 

et al. [19] characterized the performance of Al2O3/water nanofluids with volumetric 

concentrations up to 1.8% in a microchannel cooling experiment. The nanofluids were 

pumped through rectangular microchannels, while maintaining laminar flow conditions. 

Their experiments indicate that the Al2O3/water nanofluid exhibits superior Nusselt 

number and heat transfer coefficient under these conditions. They report that it was 

impossible to establish steady flow conditions using an Al2O3/EG nanofluid (the 

concentration of the EG solution is not reported in the paper).
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Pak and Cho [20] conducted experiments to determine the heat transfer 

coefficient in pipe flow and viscosity for Al2O3/water and TiO2/water nanofluids. Their 

findings were that Nusselt number tended to increase with increasing particle 

concentration and Reynolds number. However, the nanofluids tested had lower Nusselt 

numbers than water at equal velocity conditions. Viscosity for the tested nanofluids were 

substantially higher than that for water. They developed a Nusselt number correlation 

similar to the Dittus-Boelter [21] equation.

Xuan and Li [22] presented an experimental study of turbulent heat transfer 

characteristics of low concentration nanofluids comprised of Cu nanoparticles in water in 

volumetric concentrations up to 2% in an internal pipe flow apparatus. They reported a 

39% increase in the Nusselt number for the most concentrated nanofluid compared to 

pure water at equal Reynolds number. The data also show that the nanofluids have 

superior heat transfer coefficients to pure water when compared at equal average 

velocity. They also report that the nanofluids tested exhibited nearly equal pressure drop 

through the test section compared to water. Based on the results of the experiment, they 

developed a unique Nusselt number correlation for nanofluids in pipe flow considering 

particle concentration and diameter.

Buongiorno [23] theorized that the enhanced heat transfer performance of 

nanofluids was facilitated by Brownian motion of the nanoparticles and thermophoresis 

in the boundary layer, resulting in depressed localized viscosity, and hence enhanced 

turbulence. He developed a Nusselt number correlation taking into account this effect, 

along with a computation methodology.

5



6

Recently, Williams et al. [24] conducted experiments on nanofluids comprised of 

Al2O3 and Zirconium Oxide (ZrO2) nanoparticles dispersed in water. They concluded 

that the Dittus-Boelter correlation for Nusselt number adequately predicts the behavior of 

the tested nanofluids in internal, turbulent flows.

1.3 Outline of Present Research

As described previously, though there is a growing body of work documenting 

thermophysical and heat transfer properties of nanofluids, to the author’s knowledge no 

work exists documenting the impact of nanofluids on heating system performance. In 

light of this, the overall objective of the author’s research is to compare the performance 

of nanofluids in heating equipment found in facility heating systems to the performance 

of the same equipment with conventional glycol based heating fluids through 

comprehensive analyses using existing correlations. Two types of equipment were 

studied: hydronic air heating coils in commercial and industrial air handling equipment 

and hydronic finned tube heaters of the type used for perimeter heating in occupied 

spaces. Two types of nanofluids were studied: Al2O3/60% EG and CuO/60% EG. These 

types of nanofluids have the best thermophysical properties of nanofluids that are 

commercially available today. These studies were accomplished by developing 

analytical models for an air heating coil and a finned tube heater that incorporate 

correlations that are most suitable for the types of nanofluids to be evaluated. Finally, 

frictional pressure loss, and pumping power associated with circulating the nanofluids 

were evaluated and compared against those for conventional heating fluids.



1.4 Summary of Subsequent Chapters

This thesis is written in a manuscript format. The following chapters of this thesis 

are summarized as follows:

Chapter two is a survey of various theories and correlations for thermophysical 

and heat transfer properties that have been previously published in the literature, 

including correlations for specific heat, viscosity, thermal conductivity, and Nusselt 

number.

In chapter three, the thermophysical properties and heat transfer properties 

(including Nusselt number and heat transfer coefficient) of a nanofluid comprised of CuO 

particles and a 60% EG solution, with volumetric concentrations of up to 4%, is 

compared to the same properties for the base fluid using correlations found in the 

literature. Frictional pressure losses and associated pumping power are also evaluated for 

the nanofluid and the base fluid. Heat transfer and fluid dynamic properties are evaluated 

in the context of turbulent pipe flow, at velocities and fluid temperatures that are typical 

of those seen in commercial heating, ventilating and air conditioning (HVAC) systems. 

The nanofluid exhibits a higher heat transfer coefficient than the base fluid when 

compared on an equal Reynolds number basis, and for equal velocity in the turbulent 

flow regime. For constant Reynolds number the nanofluids suffer from a higher 

frictional pressure loss and pumping power.

In chapter four, the results of a characterization study of nanofluid performance 

using an analytical model of a hydronic heating coil is presented. A hydronic heating coil
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has the heat transfer liquid flowing through a tube, with a finned surface on the outside, 

through which air is conveyed with a fan or similar device, facilitating forced convection. 

These devices are typically used in heating and ventilating systems in larger, commercial 

facilities. Several aspects of heating coil performance are characterized including heating 

output under various conditions, frictional pressure loss and associated pumping power. 

As before, performance is compared against that for the base fluid. Nanofluids evaluated 

include CuO/60% EG and Al2O3/60% EG, in volumetric concentrations up to 4%. The 

nanofluid filled coil heating output exceeds that of the base fluid filled coil under certain 

flow conditions, while requiring less pumping power. The Al2O3/60% EG nanofluid has 

superior performance characteristics to those of the base fluid and the CuO/60% EG 

nanofluid.

Chapter five includes the results of another characterization study of nanofluid 

performance in a finned tube heater using an analytical model. The finned tube heater is 

configured with liquid heat transfer fluid flowing through a tube, with a finned surface on 

the outside, over which air is naturally drawn, due to natural convection. This equipment 

is commonly used for heating in residential and commercial buildings. Once again, 

several aspects of device performance are compared for nanofluids and the corresponding 

base fluid. The same nanofluids evaluated in the chapter four are evaluated in this 

chapter. The heating output of the finned tube heater filled with nanofluids exceeds that 

of the finned tube filled with the base fluid. Also, pumping power associated with a 

given heating output is reduced with the nanofluid versus the base fluid. Viewed another 

way, the finned area required to accomplish a given amount of heat transfer is reduced

8



with the nanofluid filled unit. Once again, the Al2O3/60% EG nanofluid has superior

performance characteristics to those of the base fluid and the CuO/60% EG nanofluid.

Chapter six contains concluding remarks and recommendations.
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CHAPTER 2 

SURVEY OF NANOFLUID CORRELATIONS

2.1 Thermophysical Property Correlations

In order to perform analyses of the heat transfer performance of nanofluids in 

systems employing forced convection, it is of critical importance to understand the 

thermophysical and heat transfer properties of nanofluids. Critical parameters include 

density, specific heat, thermal conductivity and viscosity. Since nanofluids are a two- 

phase substance, the volumetric concentration of the nanoparticles is also significant. To 

determine heat transfer performance with forced convection in internal flows, 

correlations to determine Nusselt number and the friction factor are required. In this 

chapter, the correlations that have been developed to predict the thermophysical 

properties, frictional pressure loss and the heat transfer performance of nanofluids are 

presented.

Density: The density of nanofluids are higher than that of their base fluid, due to loading 

with nanoparticles that are of relatively higher density. Pak and Cho [1] presented a 

general relationship for the effective density of nanofluids. It is stated as:

Pn f  =  4>Ps +  ( 1 - ^ ) Pb f  (1)

Thermophysical property data for the 60% EG solution were taken from 

ASHRAE Fundamentals [2] for purposes of comparison to the nanofluid in this study.



For density of the 60% EG (in kg/m3), a polynomial curve fit was applied to the 

ASHRAE data. The equation for the fitted curve is:

p bf = -0.002475 • T2 + 0.9998 • T + 1002.5023 (2)

This correlations is applicable for 60% EG between 273K < T  < 370K.

Specific Heat: The specific heat of nanofluids typically decreases with increasing

nanoparticle volumetric concentration. This is a natural result of the base fluid being 

loaded with material that has a relatively low specific heat, characteristic of most metals 

and metallic oxides. Buongiorno [3] has developed a relation for effective specific heat 

of nanofluids. It is stated as:

14

p c p,s + 0 -  $)Pbf-
Pnf

From experiments on Al2O3 nanoparticles in 60% EG, Vajjha and Das [4] 

developed a specific heat correlation. It is stated as

(AT) + B p,s

cp,nf = V_______ V cp,bf JJ
cPbf (C + f )

(4)

where A = 0.000891, B=0.5179 and C=0.4250 and 315 K< T < 363 K; 0.01< ^< 0.10.

For specific heat of the 60% EG (in J/kg*K), a linear curve fit was applied to the 

ASHRAE data. The equation for the fitted curve is:

c p f  = 4.248 • T + 1882.4 . (5)

This correlations is applicable for 60% EG between 273K < T  < 370K.
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Viscosity: Nanofluids are generally characterized as having a higher viscosity than 

their corresponding base fluid. Also, viscosity tends to increase with nanoparticle 

concentration.

Kulkarni et al. [5] developed a correlation based on the form developed by 

Andrade and presented by Reid et al. [6] for determining the viscosity of CuO/water 

nanofluids based on experimentally obtained data. The nanoparticles had an average 

diameter of 29 nm. The correlation takes the general form:

where jus is the suspension dynamic viscosity in centipoise (cP). For this correlation 

278K<T<323K. The coefficients A and B are found using the following equations 

developed from polynomial curve fits to experimental data:

for 0.05<^<0.15.

In another experimental study, Kulkarni et al. [7] furher developed a correlation 

for determining the viscosity of CuO/propylene glycol nanofluids with nanoparticles of 

the same size.

ln^„f = A(j )  -  B (6a)

A = 20587^2 +15857^+1078.3 (6b)

B  = -107.12^2 + 53.548^ + 2.8715 (6c)

(7)

for 0.01<^<0.06.

In this case, the coefficients are determined using slightly different equations:

ln( A) = 736.9e -0.0199T (8a)
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B  = 44.794 - 0.0765T (8b)

for 238K<T<323K.

Namburu et al. [8] developed a correlation for the dynamic viscosity of a 

nanofluid comprised of CuO nanoparticles in a 60% EG based on experimental data. The 

CuO particles again had an average diameter of 29 nm. The correlation is:

for 238K<T<323K. Viscosity is in cP. The coefficients are determined using the 

following relations (these are polynomial curve fits to the experimental data):

for 0<^ <0.0612.

The viscosity of nanofluids with non-metallic nanoparticles has not been widely 

studied. In light of this, Namburu et al. [9] developed a viscosity correlation for the 

dynamic viscosity of a nanofluid comprised of SiO2 nanoparticles in a 60% EG solution 

based on experimental data. The fluids were tested with nanoparticles with three 

different average diameters -  20 nm, 50 nm, and 100 nm. The correlation takes the same 

form as shown in eq. (8a), and (8b). The coefficients are determined using the following 

relations:

(9)

A = 1.8375^2 -  29.643^ +165.56 (10a)

B = 4x10-V 2 -0 .001^ + 0.0186 (10b)

A = 0.1193^3 - 1.9289^2 -  2.245^ +167.17 (11a)

B  = - 7 x10-V 2 -0 .0 0 0 4 ^  + 0.0192 (11b)

for 0.02<^<0.10.
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Sahoo et al. [10] developed a correlation for viscosity of an Al2O3/60% EG 

nanofluid based on experimental data. The nanofluid was tested with nanoparticles with 

an average diameter of 53 nm, and for temperatures between 238K to 363K. The 

correlation is stated as:

for 0.01<$ <0.10. The coefficients vary with temperature. For the low temperature range 

(238K<T<273K), the coefficients are A=1.2200x10-6, B=4285, C=0.1448. For the high 

temperature range (273K<T<363K), the coefficients are A=2.3920x10-4, B=2903, 

C=0.1265. This correlation represents an improvement over previous correlations as it 

employs pure dimensionless constants, which makes application easier.

Vajjha et al. [11] presented the following non-dimensionalized correlations for 

computing the viscosity of nanofluids comprised of CuO and Al2O3 nanoparticles 

dispersed in 60% EG base fluid. These refinements were based on the work of Namburu

[8] for the CuO/60% EG nanofluid and Sahoo et al.[10] for the Al2O3/60% EG nanofluid.

A = 0.9830 and B = 12.9590 for Al2O3 with $ up to 10% (0.01<$<0.10)

A = 0.9197 and B = 22.8539 for CuO with $ up to 6% (0.01<$<0.06)

This viscosity correlation was developed for 273K < T  < 360K.

Thermal Conductivity: For solutions of micron-sized particles suspended in liquid,

Ae(B / T + C$)
(12)

= AeB$ (13)

the Hamilton-Crosser [12] equation has been successfully used to predict thermal
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conductivity. This equation has its foundation in the Maxwell relations, and is 

considered to be a very reliable predictor of two - phase mixtures of this type with micron 

-  sized (or larger) particles in suspension. However, this relation has not been reliable in 

predicting the thermal conductivity of certain types of nanofluids. The Hamilton-Crosser 

equation is stated as follows:

knf -
ks + 2kbf -  2$(kbf  -  kS)

ks + 2kbf + $(kbf  -  k s)
bf

(14)

It has been theorized that the enhanced thermal conductivity of nanofluids may be 

caused by the formation of an interfacial layer between the suspended nanoparticles and 

the surrounding fluid. This interfacial layer forms a third phase, intermediate between 

the liquid and the solid, acting as a thermal bridge between the bulk liquid and the

nanoparticle. Xue and Xu [13] developed an implicit relation for the effective thermal

conductivity of CuO nanoparticles in ethylene glycol nanofluid based on a model of 

nanoparticles with interfacial shells between the surface of the solid and the surrounding 

liquid. It is theorized that the interfacial shell, a layer several molecules thick coating 

each nanoparticle, enhances the thermal energy transfer between the particle and the

fluid. The relation developed by Xue and Xu is:

1 f \ knf -  kf  + $ (knf -  kpe ) 2kL + ks ) - ®(ks -  kL )(2kL + knf)  = Q
. a )  2knf + kf  a  (2knf + kpe )(2kL + ks) + 2® (ks -  kL ̂ l -  knf)

(15a)

where a  -
dp
2

L 2
+ 1

(15b)

3



A weakness of this relation is that the conductivity and thickness of the interfacial 

layer is estimated, due to the lack of any generalized relation to determine the value of 

these parameters. Yu and Choi [14] developed a relation considering the formation of an 

interfacial layer, based upon a modification of the Maxwell equation. Their correlation is 

comprised of two equations. One equation predicts the effective conductivity of the 

nanoparticle considering the effects of the layered nanostructure around the nanoparticle. 

This is based upon the effective medium theory presented by others. It is stated as 

follows:

[2(1 - r ) + ( 1 + o )3 (1 + 2 r ) l
k ne = —----------------------3------- — k s (16a)

-(1 -  Y)+ (1 + a ) 3 (1 + 2 y) s K '

where y is the ratio of thermal conductivity of the interfacial layer conductivity to that of

the nanoparticle, and a  is the ratio of the interfacial layer thickness to nanoparticle radius.

The nanofluid thermal conductivity is then computed using the following relation:

kpe + 2kf  + 2(kpe -  kf  )(l + a ) p
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ve + 2k f + 2(kpe -  k f )1 + ■ ;3, 
knf = - ^ ------ f ^ ^ ^  k f . (16b)

kpe + 2kf  -  (kpe -  kf  )(1 + a ) p

This model predicts that nanofluids with smaller particles for a given 

concentration will have superior thermal conductivity.

Chon et al. [15] developed the following correlation based upon the Buckingham- 

Pi theorem for computing thermal conductivity of an Al2O3 nanofluid:

f  \  0.3690 /  \  0.7476k
kkbf

= 1 + 64.7 f 07460 dbf kp
I  dp J k\  bf J

P r0 9955 Re12321. (17)



Prasher et al. [16] developed a correlation for nanofluid conductivity based on a

modification of the Maxwell-Garnett conduction model. The correlation is stated as:

-A
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^  = (1 + A Rem pr 0.333 p ) [kp (1 + 2 a ) + 2kbf ]+  2&[kp (1 -  a ) -  kbf ]

K f \ \ i t p  (1+ 2 a ) + 2kbf ] - $\kp (1 - a ) - k bf ]
(18)

where A is a constant that is invariant with different base fluids. The remaining constant, 

m, varies with the type of base fluid.

From experiments on CuO and Al2O3 nanoparticles dispersed in 60% EG, Vajjha 

and Das [17] developed a thermal conductivity correlation based on an adaptation of the 

Koo-Kleinstreuer [18] model. The Koo-Kleinstreuer model accounts for the effects of 

Brownian motion of the nanoparticles, and factors such as particle size, and temperature 

effects. It is stated as:

ks + 2kbf -  2^(kbf -  ks)
knf =

f  , _ , A  , V k T
f ( T p )  (19), 0 kbf + 5 X 10 PpPbfCp,bf -i

ks + 2kbf + p \^bf -  ks)J  ,̂Psdp

T
where f  (T ,p)=  (2.8217 x 10-2p + 3.917 x 10-3)------(3.0669 x 10-2p + 3.91123 x 10-3).

To

For nanofluids comprised of Al2O3 nanoparticles,

P=  8.4407(100p)-1 07304 (20a)

while for nanofluids comprised of CuO nanoparticles,

P=  9.881(100p)-°'9446. (20b)

These correlations apply for 293K<T<363K. For Al2O3 0.01< p<0.10, while for 

CuO 0.01< p<0.06.



2.2 Heat Transfer Correlations

Nanofluids have been found to have higher Nusselt numbers than their 

corresponding base fluid under many conditions. From Bejan [19], the Nusselt number 

for pure fluids in fully developed laminar flow through a circular duct is:

Nu = 4.364 (for uniform heat flux) (21a)

Nu = 3.66 (for constant wall temperature). (21b)

Gnielinski’s [20] correlation for computing the Nusselt number of pure fluid in 

turbulent pipe flow is stated as:

Nu = 0.012(Re087 -  280)Pr04. (22)

This correlation is valid for 1.5 < Pr < 500 and 3x103 < Re < 106 and for liquids in a 

smooth, circular pipe, with fully developed flow.

Dittus-Boelter’s [21] correlation for single phase fluids is stated as:

Nu = 0.023Re08Prn (23)

where the coefficient is n = 0.3 for a fluid being heated, n = 0.4 for fluid being

cooled. This relation is suitable for fluids with 0.5 < Pr < 120 and for

2.5x103 < Re < 1.24x105.

A limited number of Nusselt number correlations for nanofluids have been 

reported in the literature. Unlike pure fluids, which have constant Nusselt numbers in 

laminar, fully developed internal flows, the Nusselt number for nanofluids under these 

conditions vary depending on the nanoparticles volumetric concentration and the flow 

configuration. Li and Xuan [22] developed the following Nusselt number correlation for
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nanofluids in fully developed laminar internal flows based on experiments on Cu/water 

nanofluids:

Nunf = 0.4328(1.0 +11.285 p0 754Pe ̂ ^ R e ^ P f  (24)

Jung et al. [23], arrived at a correlation for Nusselt number for fully developed 

laminar flows in microchannels, based on experiments using Al2O3/water nanofluids. 

The correlation is stated as:

Nunf = 0.014p0 095 Re f  P f  (25)

Pak and Cho [1] developed a correlation for Nusselt number in fully developed, 

turbulent pipe flow based on experimental study of Al2O3/water and TiO2/water 

nanofluids. The correlation has a form that is similar to the Dittus-Boelter [24] relation:

Nu = 0.021Re08Pr05 (26)

Xuan and Li [24] developed a correlation for computing the Nusselt number for 

nanofluids with a similar form to that published by Li and Xuan [22]. This correlation, 

also based on experimental work with a Cu/water nanofluid is stated as:

Nunf = 0.0059(1.0 + 7.6286p0 6886Ped001)Renf9238 P r f  (27)

Buongiorno’s [3] Nusselt number correlation is stated as:

f  (Re, -  1000)Prt 
Nu = -S ■ 2 A (28)

22

1 + 5 !l — Prv3 -1
V J

where 5+is the dimensionless thickness of the laminar sublayer, and the subscripts b and 

v represent bulk properties and boundary layer properties, respectively.
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2.3 Fluid Dynamic Correlations

For evaluating pressure loss in internal flows, a friction factor correlation is needed. 

Pak and Cho [1] have found that correlations for friction factor of single phase fluids in 

turbulent flow is also applicable for nanofluids at low volumetric concentrations. 

Williams et al. [25] have also determined that the friction factor correlations by Blasius 

and McAdams may be accurately applied for Al2O3/water and ZrO2/water nanofluids in 

volumetric concentrations (up to 3.6% and 0.9%, respectively). Blausius’ correlation for 

Darcy friction factor is stated as:

f  = 0.316Re-025 (29)

and is generally applied for Re<30,000. The McAdams correlation is stated as:

f  = 0.184 Re-02 (30)

where Re>30,000. Both of these relations are for flows in hydraulically “smooth”

conduits.

Based on these observations, a single friction factor correlation is selected for 

both the nanofluid and the base fluid. The following Darcy friction factor correlation 

from ASHRAE Fundamentals [2] is selected for these analyses:

f  = 8
8

+ -
1

VRe J (A + B)15 _

12

(31)

where A  = 2.457ln
\ 0.9

+ 0.27s

V di JJ

12

6

1



and B  = ( J .

This correlation incorporates a roughness term (s/d). However, the flows

examined in the following chapters typically take place in nearly “smooth” conduits

(drawn copper tube, or equivalent). The frictional head loss for liquid flow in a pipe is 

then computed using the friction factor with the following relation presented by White 

[26].

h  = L LV L  (32)
F d, 2g  '  '

This is converted to pressure loss by using the following equation:

AP = pghF (33)

The fluid pumping power required to overcome this frictional pressure loss is 

found using the following equation from White [26]:

• • AP
W  = m  . (34)

P
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2.4 Nomenclature

Nu Nusselt number ( )
k

Re Reynolds number ( pVD )

Pr Prandtl number ( cpv )
k

cp Specific heat (J/kg-K)

k  Thermal conductivity (W/m-K)

V  Average velocity (m/s)

h Convective heat transfer coefficient (W/m2-K)

D  Pipe diameter (m)

Ped Particle Peclet number (^ )
anf

dp Particle diameter (m)

L  Length of pipe (m)

T  Temperature (K)

To Reference Temperature (273 K)

k2 Nanoparticle interfacial shell thermal conductivity (W/m-K)

t Nanoparticle interfacial shell thickness (m)

f  Friction factor

hf Frictional head loss (meters of water gage)

sg  Specific gravity
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g  Gravitational acceleration (m/s2)

W  Pumping power per unit length of piping (W/m)

2.5 Greek Symbols

p  Density (kg/m3)

U Dynamic viscosity (mPa-s)

a  Thermal diffusivity (_k_)

v Kinematic viscosity (m2/s)

(f> Volumetric concentration

s  Pipe roughness (m)

2.6 Subscripts

i Inside

f  Base fluid

m Mean

n f  Nanofluid

o Outside

^ Solid nanoparticle

pe  Effective particle

L  Interfacial layer
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CHAPTER 3 

INFLUENCE OF TEMPERATURE AND PROPERTIES VARIATION ON 

NANOFLUIDS IN BUILDING HEATING1

3.1 Abstract

Theoretical investigations on the application of nanofluids in the hydronic heating system 

of buildings have been presented in this paper. Realistic fluid velocities and temperatures 

employed in heat exchange equipment were used to compare the convective heat transfer 

coefficient and the pumping power requirement of nanofluids of various particle volume 

concentrations. The base fluid used in the analyses as a basis for comparison was a 

solution comprised of 60% ethylene glycol and 40% water (by weight). The 

thermophysical and heat transfer performance of the base fluid have been compared with 

copper oxide nanoparticles dispersed in the same base fluid with volumetric particle 

concentration ranging up to 4%. First, the variations of thermophysical properties such 

as viscosity, thermal conductivity, specific heat and density have been evaluated for 

different concentrations. Using these properties, several plots have been developed for 

quantitatively determining the enhancement of convective heat transfer coefficient as a 

function of flow velocity, Reynolds number and the nanoparticle volumetric 

concentration. For constant Reynolds number for flow in tubes, the Nusselt number and 

convective heat transfer coefficient increases as nanoparticle volume concentration

1 Strandberg, R. and Das, D.K., 2009, Influence of Temperature and Properties Variations of Nanofluids in 
Building Heating, Energy Conversion and Management, submitted for second review.



increases. As the properties of nanofluids and the base fluid are temperature dependent, 

we have performed calculations for two fluid temperatures (323K and 360K). The results 

show that a higher convective heat transfer coefficient is achieved at higher temperatures 

for a nanofluid of equal concentration circulating at equal velocity. Frictional pressure 

loss and pumping power increases relative to the base fluid with particle volume 

concentration, but decreases with mean fluid temperature.
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3.2 Nomenclature

Nu Nusselt number ( h®.)
k

Re Reynolds number ( pVD )
p

Pr Prandtl number (I pP)
k

cp Specific heat (J/kg-K)

k  Thermal conductivity (W/m-K)

V  Average velocity (m/s)

h Convective heat transfer coefficient (W/m2-K)

D  Pipe diameter (m)

Ped Particle Peclet number (^ )
anf

dp Particle diameter (m)

L  Length of pipe (m)

T  Temperature (K)

To Reference Temperature (273 K)

k2 Nanoparticle interfacial shell thermal conductivity (W/m-K)

t Nanoparticle interfacial shell thickness (m)

f  Friction factor

a Tubing inside radius (m)

hf Frictional head loss (meters of water gage)

sg  Specific gravity
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g  Gravitational acceleration (m/s2)

W  Pumping power per unit length of piping (W/m)

3.3 Greek Symbols

p  Density (kg/m3)

p  Dynamic viscosity (mPa-s)

a  Thermal diffusivity (_k_)
pcp

v Kinematic viscosity (m2/s)

(f> Volumetric concentration

s  Pipe roughness (m)

3.4 Subscripts

n f  Nanofluid

b f  Base fluid

s Nanoparticle
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3.5 Introduction

Nanofluids are fluids of any type that have particles of characteristic dimensions 

of less than 100 nm dispersed in a heat transfer fluid. Depending on the specific 

composition of the nanofluid, this may yield a fluid with heat transfer properties that are 

significantly improved relative to the base fluid.

There is a developing body of work in the literature concerning the 

thermophysical and heat transfer properties of these nanofluids. Nanofluids’ improved 

thermal conductivity and heat transfer properties have the potential for application in 

many areas, although few studies of the application of turbulent flow, liquid heat 

exchange systems have been documented. Ollivier et al. [1] numerically studied the 

effect of water/Al2O3 nanofluid in a spark ignition engine to propose a method of 

detecting knocks. They found that the nanofluid was superior to the pure water for 

detecting knocks due to its higher thermal diffusivity. Another area of potential 

application for nanofluids is in hydronic heating and heat recovery systems commonly 

found in buildings of all types in many areas of the world. To the knowledge of the 

authors, there is currently no published work investigating the use of these fluids in 

hydronic heating systems.

Ethylene glycol based solutions are commonly used instead of pure water in cold 

climate regions because of the need for freeze protection. Glycol-based nanofluids offer 

the potential to provide the same freeze protection as the base fluid with a reduction in



the heat transfer performance penalties commonly associated with glycol-based heat 

transfer fluids.

Eastman et al. [2] measured an increase in thermal conductivity of up to 40% in 

ethylene glycol (EG) solutions with low concentrations of copper (Cu) nanoparticles with 

average size less than 10 nm. They observed a considerably higher thermal conductivity 

for the Cu/water nanofluid, compared to water. Furthermore, the Cu/water nanofluid was 

considerably better than that measured for solutions of ethylene glycol with CuO or 

Al2O3 in similar volumetric concentrations. Multiple authors Xuan et al. [3], Jang and 

Choi [4], Chon et al. [5], Lee et al. [6], and Xue and Xu [7] have published work based 

on theories and experiments that lend support to the idea that conventional models of 

thermal conductivity for two-phase mixtures are inadequate to predict the properties of 

nanofluids.

Other authors have focused on developing theories and correlations that describe 

the performance of nanofluids in forced convection under laminar and turbulent flow 

conditions. Li and Xuan [8] experimentally characterized the heat transfer and fluid 

dynamic properties of nanofluids under laminar and turbulent flow conditions in pipe 

flow. The nanofluids were comprised of copper nanoparticles in water with volumetric 

concentration up to 2%. The data indicated that dilute nanofluids exhibited considerably 

higher heat transfer coefficients than water under laminar and turbulent flow conditions. 

Li and Xuan determined that the friction factor for dilute nanofluids were equal to those 

of pure water. Pak and Cho [9] conducted experiments to determine the heat transfer 

coefficient in pipe flow and viscosity for Al2O3/water and TiO2/water nanofluids. Their
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findings were that Nusselt number tended to increase with increasing particle 

concentration and Reynolds number. However, the nanofluids tested had lower Nusselt 

numbers than water at equal velocity conditions. Viscosities for the tested nanofluids 

were substantially higher than that for water. Temperatures were not reported for the 

Nusselt number and heat transfer coefficient experiments. They developed a Nusselt 

number correlation similar to the Dittus-Boelter [10] equation. More recently, Williams 

et al. [11] experimentally determined Nusselt numbers for Al2O3/water and ZrO2/water 

nanofluids under turbulent flow conditions, and had similar findings.

Xuan and Li [12] conducted another experimental study of the heat transfer 

characteristics of low concentration nanofluids comprised of Cu nanoparticles in water in 

volumetric concentrations up to 2% in an internal pipe flow apparatus. They reported a 

39% increase in the Nusselt number for the most concentrated nanofluid compared to 

pure water at equal Reynolds number. The data also show that the nanofluids have 

superior heat transfer coefficients compared to pure water at equal average velocity, 

although the test temperature is not reported. They also report that the nanofluids tested 

exhibited nearly equal pressure drop through the test section compared to water. Based 

on the results of the experiment, they developed a Nusselt number correlation for 

nanofluids in pipe flow considering particle concentration and diameter. The diversity of 

results in the area of Nusselt number correlations is likely a reflection of the fact that the 

field of nanofluids is developing.

The purpose of this study is to perform a detailed analysis of thermophysical 

properties, heat transfer coefficient, pressure loss and pumping power, with nanoparticles

37



38

volumetric concentration up to 4% and for turbulent flow conditions using a CuO/60% 

ethylene glycol and 40% water nanofluid (heretofore referred to as CuO/60% EG). This 

fluid is selected because it appears to have good potential for improved performance, and 

is commercially available as a CuO/water colloidal solution. This availability will 

facilitate future experimental work to validate findings based on analysis conducted in 

connection with this work. Furthermore, extensive experimental work by Namburu et al. 

[13] and Vajjha [14] have thoroughly characterized the thermophysical properties of this 

nanofluid. The analyses consider temperatures within the range used for hydronic 

heating systems. Likewise, average velocities considered are in the range commonly 

employed in building heating applications, in a tubing size that is typical of the type used 

in hydronic heating coils. To our knowledge, a comprehensive performance analysis of 

this type of nanofluid relevant to hydronic heating systems has not been published in the 

literature.

3.6 Theory

Numerous correlations have been developed to compute the Nusselt number for 

turbulent fluid flows as a function of Reynolds and Prandtl numbers. An early correlation 

used extensively for single-phase fluids attributed to Dittus-Boelter [10] is:

Nu = 0.023Re0 8Prn. (1)

Dittus-Boelter’s correlation is for liquids in a smooth, circular duct, with 0.7 < Pr < 120, 

2.5x103 < Re < 1.24x105 and L/D>60. In our analysis, we adopt n=0.3 for a fluid being 

cooled.



Gnielinski [15] developed a correlation from an extensive database for turbulent 

internal flows:

Nu = 0.012(Re087 -  280)Pr04. (2)

Gnielinski’s correlation is valid for 1.5 < Pr < 500 and 3x103 < Re < 106 and for liquids in a

smooth, circular pipe, with fully developed flow.

A Nusselt number correlation was developed by Pak and Cho [9] in fully 

developed, turbulent pipe flows. The correlation has a form that is similar to the Dittus- 

Boelter relation:

Nu = 0.021Re08Pr05. (3)

Xuan and L i’s [12] Nusselt number correlation for nanofluids in turbulent pipe 

flow takes the following form:

Nunf = 0.0059(1.0 + 7.628^0 6886Pe 0001)Re°^9238 Pr„0.4 (4)

Pak and Cho [9] developed a relationship for the effective density of nanofluids.

It is stated as:

P n f  = p  +  (  - 4 > )P b f . (5)

Buongiorno [16] has proposed a relation for effective specific heat of nanofluids. 

It is stated as:

39

f o f p s  + (1-  $)Pbf -
P n f



Namburu et al. [13] presented the following correlations from experiments for 

computing the viscosity (in mPa*s) of nanofluids comprised of CuO nanoparticles 

dispersed in 60% EG/40% water base fluid:

log b f  = Ae~m  (7)

where A = 1.8375p2 - 29.643p + 165.56 (8a)

and B  = 3.571 x 10-6p2 -  9.964 x 10-4p + 0.01863. (8b)

This viscosity correlation was developed for p up to 6.12% and 228K < T < 323K.

Subsequently, Vajjha [14] improved the accuracy of the correlation of Namburu 

et al. [13] based on additional experimental data for computing the viscosity (in mPa*s) 

of nanofluids comprised of CuO/60% EG:

b L  = AeBp (9)
Bbf

A = 0.9197 and B  = 22.8539 for CuO with p up to 6% (0< p<0.06).

This viscosity correlation is applicable for 273K < T  < 360K.

From experiments on CuO/60% EG, Vajjha and Das [17] developed a thermal 

conductivity correlation based on an improvement of the Koo-Kleinstreuer [18] model.
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k n f  =
k  + 2kbf  — 2M kbf  — k  )  4

,  A  (  , < k f  + 5 x 10 0ppb fCp,bf
ks +  2kb f + ^(kbf -  ks ) ,j ^

k t
f  (T,P) (10)

, p A

where f  (T,p) = (2.8217 x 10-2p + 3.917 x 10-3) T -  (3.0669 x 10-2p + 3.91123 x 10-3)

and J3= 9.881(100p) -0.9446



These correlations apply for 293K<T<363K and 0.01< p<0.06.

The first term of the Eq. (10) is the well-known Hamilton-Crossers [19] equation, 

while the second term was developed to take into account the Brownian motion 

associated with the nanoparticles that enhances the effective thermal conductivity of the 

fluid.

For this analysis, all of the thermophysical properties are evaluated for CuO 

nanoparticles with nominal diameters of 29 nm.

Thermophysical property data for the 60% EG solution were taken from 

ASHRAE Fundamentals [20] for purposes of comparison to the nanofluid in this study.

For density of the 60% EG (in kg/m3), a polynomial curve fit was applied to the 

ASHRAE data. The equation for the fitted curve is:

p bf = -0.002475 • T2 + 0.9998 • T  +1002.5023 . (11)

For specific heat of the 60% EG (in J/kg*K), a linear curve fit was applied to the 

data. The equation for the fitted curve is:

c/ 4.248 • T +1882.4 . (12)

For viscosity of the 60% EG (in mPa*s), a curve fit based on Andrade’s equation 

presented by Reid et al. [21] was applied to the data. The equation of this curve fit is:

ln (b f) = 3 1 3 5 .6 ^ )-8 .9 3 6 7 . (13)

For thermal conductivity of the 60% EG (W/m*K), a polynomial curve fit was 

applied to the data. The equation of this curve fit is:
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kL  = -3 .196 x 10-6 • T2 + 2.512 x 10-3 • T -1.0541. (14)

For all curve -  fit equations (eqs. 11 through 14), the R value is greater than 0.99. These 

correlations are applicable for 60% EG between 273K < T  < 370K.

For evaluating pressure loss in internal flows, a friction factor correlation is 

needed. Pak and Cho [9] have found that correlations for friction factor of single phase 

fluids in turbulent flow is also applicable for nanofluids at low volumetric concentrations. 

Thus, a single friction factor correlation is selected for both the nanofluid and the base 

fluid. The following Darcy friction factor correlation from ASHRAE Fundamentals [20] 

is selected for these analyses:

f  = 8
8

+ -
1

Yu

vRe J (A + B)15 _
(15)

Where A =

16

2.457ln

and B  =
37,530 

. Re

+

16

0.27s

v

The frictional head loss for liquid flow in a pipe is then computed using the friction factor 

with the following relation presented by White [22]:

/ L V 2
hF = ' (16)

di 2g

This is converted to pressure loss by using the following equation:

AP = pghF . (17)

The fluid pumping power required per unit length of pipe to overcome this frictional 

pressure loss is found using the following equation from White [22]:

12

1



W  = m
AP

P

3.7 Results and Discussions

3.7.1 Thermophysical Properties Comparison

Volum etric  Concentration ($)
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Figure 3.1. Ratio of nanofluid properties with varying particle volumetric concentration

to those of base fluid at 323K.

Figure 3.1 illustrates the ratio of nanofluid thermophysical properties to base fluid 

properties with increasing volumetric nanofluid concentration at 323K. The nanofluid 

viscosity increases by 129% relative to the base fluid as nanoparticle volumetric 

concentration increases to 4%. The Prandtl number for the nanofluid also increases 

strongly relative to those of the base fluid. For the 4% concentration nanofluid, Prandtl



number increases by 45% compared to the base fluid. The thermal conductivity and 

density of nanofluids increase moderately with concentration relative to the base fluid. 

For the 4% concentration nanofluid, thermal conductivity increases by 31% compared to 

the base fluid. The density for the 4% concentration nanofluid increases by 20% 

compared to the base fluid. The volumetric heat capacity ( cpp ) of the nanofluid remains

constant and equal to that of the base fluid as concentration increases. The nanofluids’ 

mass basis specific heat decrease moderately with concentration. For the 4% 

concentration nanofluid, specific heat decreases by 16% compared to the base fluid. 

Similar calculations performed at 360K show that the viscosity and Pr for the nanofluid 

are higher than the base fluid by 129% and 28% respectively. The thermal conductivity 

and specific heat of the 4% nanofluid are 49% higher and 17% lower respectively at this 

temperature.
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Figure 3.2. Change in nanofluid Prandtl number with nanofluid concentration and

temperature.

In Figure 3.2, the Prandtl number for the CuO/60% EG nanofluid is presented 

over a range of temperatures and for volumetric concentrations up to 4%. The data show 

that the nanofluids’ Prandtl number decreases with temperature and increases with 

volumetric concentration. As temperature increases from 323K to 360K, the Prandtl 

number decreases by 67% over the range of volumetric concentrations considered.

3.7.2 Nusselt Number Comparisons

The correlations developed by Xuan and Li [12] and Gnielinski [15] were chosen 

for the nanofluid and base fluid, respectively to compare the Nusselt number and other 

associated parameters of the two fluid types.
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Velocity (m/s)

Figure 3.3. Change in Nusselt number with fluid velocity and nanofluid concentration at 

323K. (Minimum velocity corresponds with Re>3,000)

Figure 3.3 illustrate the relationship between the Nusselt number in fully 

developed flow through a round pipe for the base fluid and nanofluids of varying 

volumetric concentrations up to 4%, at 323K. For this study, we have considered a 14.8 

mm I.D. (5/8-inch nominal O.D.) thin wall tube, which is a type commonly found in 

hydronic air heating coils. As volumetric concentration increases, the correlation predicts 

a moderate increase in Nusselt number at lower velocities. In contrast, at higher 

velocities (and Reynolds numbers) the Nusselt number actually decreases at 

concentrations that exceed 2%. Contributing to this decline is rapidly increasing 

viscosity and thermal conductivity as volumetric concentration increases. The velocities 

selected are representative of those typically seen in tubes of this size in a heating coil.



Xuan and L i’s [12] correlation is selected because it factors in nanoparticle 

characteristics. The correlation by Xuan and Li was limited to nanofluid solutions 

comprised of Cu nanoparticles in a water solution with volumetric concentrations of less 

than 2%. In the absence of correlations in the current literature, we have chosen to 

extend the range of the analysis in the paper up to 4% volumetric concentration.

The correlation by Xuan and Li [12] predicts an increase in Nusselt number for 

the CuO/60% EG nanofluid versus the base fluid as the nanofluid volumetric 

concentration increases. At an average velocity of 3 m/s the 2% CuO/60% EG nanofluid 

exhibits a Nusselt number 6% higher than the base fluid. At lower velocities, the 

CuO/60% EG nanofluids provide even greater benefit relative to the base fluid. At an 

average velocity of 0.61 m/s the 2% CuO/60% EG nanofluid exhibits a Nusselt number 

14% higher than the base fluid. This is in spite of the fact that the 2% CuO/60%EG 

nanofluid has a Reynolds number that is 25% lower than the base fluid.
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Figure 3.4. Change in Nusselt number with nanofluid concentration and Reynolds

number at 323K.

When compared on a constant Reynolds number basis, the predicted deviation of 

the nanofluid from the base fluid becomes much more as seen in Figure 3.4. At 323K 

and Reynolds number 3,000, the Xuan and Li [12] correlation predicts that the 4% 

CuO/60% EG nanofluid Nusselt number is 118% higher than that of the base fluid. At 

Reynolds number 14,000 the Nusselt number for the 4% CuO/60% EG nanofluid is 87% 

higher than that of the base fluid. Generally, for constant Reynolds number, as the 

nanofluid concentration increases, the ratio of the nanofluid Nusselt number to the base 

fluid Nusselt number increases. As Reynolds number increases, for constant nanofluid 

concentration, the ratio of the nanofluid Nusselt number to the base fluid Nusselt number 

decreases slightly. The large difference between the Nusselt number relationships for



constant velocity and constant Reynolds number conditions highlight the significant 

difference in viscosity between the CuO/60% EG nanofluid and the base fluid at 323K.

3.7.3 Convective Heat Transfer Coefficient Comparison
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Figure 3.5. Variation of heat transfer coefficient with nanofluid concentration at a mean

fluid velocity of 1.52 m/s and 323K.

Figure 3.5 illustrates the relationship between the convective heat transfer 

coefficient with fully developed flow for the base fluid and nanofluids of varying 

concentrations up to 4% by volume, at a mean fluid velocity of 1.52 m/s, and 323K. The 

velocity selected is representative of that commonly seen in heating equipment tube 

bundles. These data are generated using Nusselt number correlations by Xuan and Li 

[12], Pak and Cho [9], Dittus and Boelter [10] and Ginelinski [15]. The heat transfer



coefficient is then computed, considering nanofluid thermal conductivity and the tube 

diameter mentioned earlier.

These relations illustrate a significant difference between the relation by Xuan 

and Li [12] and the pure fluid relations, and the relation by Pak and Cho [9]. The pure 

fluid correlations predict a significant decrease of Nusselt number with increasing 

nanoparticle concentration for constant velocity, which results in a nearly proportional 

decrease in heat transfer coefficient. Interestingly, the relation by Pak and Cho predicts a 

similar effect. This is a product of the dominance of the Reynolds number effect over the 

Prandtl number effect in the pure fluid relations. The Reynolds number tends to decrease 

strongly with increasing nanoparticle concentration because of increasing viscosity, while 

the Prandtl number increases, but at a lower rate. The correlation by Xuan and Li, in 

contrast, predicts a strong increase in heat transfer coefficient with increasing 

nanoparticle concentration for constant velocity conditions (and thus decreasing 

Reynolds number) since it inherently contains various effects associated with the 

heterogeneous composition of the nanofluid. The constant velocity relationships are 

significant at a practical level, because the significant increases in viscosity and density 

as volumetric concentration increases lead to significant reductions in Reynolds number 

under given flow condition.
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Figure 3.6. Change in convective heat transfer coefficient with increasing velocity for 

various nanofluid concentrations at 323K.

Figure 3.6 illustrates the effects of increasing nanofluid concentration and average 

fluid velocity on the convective heat transfer coefficient at 323K and fully developed 

flow conditions. These data are generated by computing Nusselt numbers using the 

correlation by Gnielinksi [15] for the base fluid and the correlation by Xuan and Li [12] 

for the nanofluid. The convective heat transfer coefficients are then calculated using the 

previously mentioned thermal conductivity correlations for the base fluid (Eq. 14), and 

the nanofluid (Eq. 10). The heat transfer coefficient increases with velocity and with 

nanofluid concentration. The nanofluids’ convective heat transfer coefficient 

significantly exceeds that of the base fluid over the range of velocities considered. The 

1% CuO/60% EG nanofluid has a heat transfer coefficient 25% higher than that of the



base fluid at 0.61 m/s velocity. The curves for 3% and 4% CuO/60% EG are nearly 

coincident. At 3.0 m/s average velocity, the correlations predict that the 4% CuO/60% 

EG nanofluid will have a convective heat transfer coefficient 36% higher than that of the 

base fluid. At 1.1 m/s average velocity, the same correlations predict that the convective 

heat transfer coefficient is 42% higher for the nanofluid than for the base fluid.
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Figure 3.7. Change in convective heat transfer coefficient with increasing Reynolds 

number for various nanofluid concentrations at 323K.

Figure 3.7 illustrates the effects of increasing nanofluid concentration and 

Reynolds number on the convective heat transfer coefficient at 323K. As expected, the 

heat transfer coefficient for the nanofluids increases with Reynolds number and increases 

with nanoparticle concentration. At Reynolds number 14,000, the correlations predict 

that the convective heat transfer coefficient is 147% higher for the 4% CuO/60% EG



nanofluid than for the base fluid. At Reynolds number 3,000 the correlations predict that 

the convective heat transfer coefficient is 174% higher for the 4% CuO/60% EG 

nanofluid than for the base fluid.
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Figure 3.8. Change in heat transfer coefficient with temperature for nanofluids with

^=2%.

Figure 3.8 illustrates the effect of changing average temperature on the heat 

transfer coefficient for the CuO/60% EG nanofluids in fully developed, turbulent pipe 

flow conditions over a range of average velocities typically seen in heat transfer 

equipment. For this comparison, volumetric concentration is taken as 2%. As 

temperature increases from 323K to 360K, the heat transfer coefficient increases by 84% 

over the range of velocities we have considered. In contrast, the heat transfer coefficient 

of 60% EG increases by 67% as temperature increases from 323K and 360K. The greater



temperature sensitivity of the nanofluid suggests that the advantages of nanofluids may 

be best exploited at higher temperatures.

3.7.4 Frictional Pressure Loss Comparison
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Figure 3.9. Change in frictional pressure loss through drawn tubing per unit length with 

increasing nanofluid concentration at 323K and 360K (average velocity 1.52 m/s).

Figure 3.9 shows how frictional pressure loss changes with increasing 

concentration and varying temperatures under constant average velocity conditions 

through a 14.8 mm inside diameter tube. The velocity selected (1.52 m/s) is in the typical 

operating range in tube bundles of building heating transfer equipment, and is well into 

the turbulent flow regime. Under these conditions, the 4% CuO/60% EG nanofluid 

frictional pressure losses exceed that of the base fluid by 44% and 40%, at 323K and 

360K respectively. Furthermore, the frictional pressure loss for the 4% CuO/60% EG



nanofluid at 323K is 33% higher than at 360K at equal average liquid velocity. By 

comparison, the frictional pressure loss for 60% EG is 30% higher at 323K than at 360K 

under these conditions.

3.7.5 Pumping Power Comparison

Due to the higher frictional pressure loss that nanofluids suffer from when 

compared to the base fluid at equal velocity and higher viscosities and densities at 

constant temperatures, nanofluids generally require greater pumping power than their 

base fluid. For constant Reynolds number conditions, the difference is even greater.
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Figure 3.10. Pumping power per unit length of pipe with increasing velocity at 323K. 

Figure 3.10 illustrates the variation in fluid pumping power as velocity and 

nanofluid concentration change at 323K (in a tube of the same diameter considered



above). The fluid pumping power for a 4% CuO/60% EG nanofluid is about 50% higher 

than that for the base fluid over the range of velocities studied. The difference decreases 

slightly as average flow velocity increases. The 2% CuO/60% EG nanofluid requires 18

19% greater pumping power than the base fluid over the range of velocities studied. 

Using a similar analysis, at 360K, the 2% CuO/60% EG nanofluid requires 16-18% more 

pumping power than the base fluid. These differences decrease slightly as average flow 

velocity increases.
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Figure 3.11. Pumping power per unit length of pipe with increasing Re at 323K and

360K.

Figure 3.11 illustrates the comparison in fluid pumping power between the 60% 

ethylene glycol base fluid and the 4% CuO/60% EG nanofluid at 323K and 360K for



Reynolds number ranging from 3,000 to 14,000. This figure shows the expected strong 

increase in pumping power with decreasing temperature, and increasing nanofluid 

concentration. The data show that both the base fluid and the nanofluid pumping power 

are highly sensitive to temperature changes, with pumping power requirements dropping 

steeply as temperature increases. At Reynolds number 10,000, the 4% CuO/60%EG fluid 

pumping power decreases 95% when temperature increases from 323K to 360K. The 

deviation between the base fluid and the nanofluid remains constant with Reynolds 

number in terms of percentage, with the 4% CuO/60% EG nanofluid requiring 76% less 

pumping power than the base fluid at 323K and 360K. The large difference in pumping 

power is attributable to the fact that since the 4% nanofluid has substantially higher 

viscosity than the base fluid (129% greater at 323K), considerably higher average 

velocity is required to achieve an equivalent Reynolds number. At Reynolds number 

14,000, the 4% CuO/60% EG nanofluid requires an average velocity 91% higher than 

that of the base fluid at 323K.
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Figure 3.12. Variation of pumping power per unit length of pipe with convective heat

transfer coefficient, T=360K.

In Figure 3.12, the heat transfer coefficient for the base fluid and the nanofluid up 

to 4% volumetric concentration is graphed against the pumping power. This allows a 

more direct comparison of the heat transfer performance for the nanofluids and the base 

fluid. Presenting the data in this way illustrates that the CuO nanofluid requires 

considerably less pumping power than the base fluid at any given heat transfer coefficient 

at an equal mean glycol temperature. There appears to be an optimal volumetric 

concentration between 2 and 3%, where the heat transfer coefficient is maximized 

relative to the pumping power required. Generally, the pumping power required to 

achieve a given heat transfer coefficient for nanofluids is 50% less than for the base fluid



at 360K. This appears to support the hypothesis that the CuO/60% EG nanofluid offers 

the potential for superior performance in facility hydronic heating applications.

3.8 Conclusions

The CuO/60% EG nanofluids thermophysical and heat transfer properties were 

comprehensively evaluated and compared to those of 60% EG using previously 

established analytical correlations. Generally speaking, the analyses demonstrate that the 

CuO/60% EG nanofluid has superior heat transfer properties that may contribute to 

improved performance in building heating systems. At a mean fluid temperature of 

323K, Nusselt numbers are enhanced between 87% and 118% for the 4% CuO/60% EG 

nanofluid relative to the base fluid for Reynolds numbers of 14,000 and 3,000, 

respectively. At the same fluid temperature, convective heat transfer coefficients for the 

2% CuO/60% EG nanofluid are between 6% and 14% higher than for the base fluid over 

the range of mean fluid velocities (0.6 to 3.0 m/s) considered. At lower velocities, the 

CuO/60% EG nanofluids’ Nusselt number enhancement is greater than at higher 

velocities. The CuO/60% EG nanofluids’ Nusselt number enhancement appears to reach 

a maximum at approximately 2% volumetric concentration. At higher volumetric 

concentrations, the Nusselt number levels off and gradually starts to decrease as 

concentration reaches 3%. The convective heat transfer coefficient for the nanofluid 

exhibits strong temperature sensitivity. As temperature increases from 323K to 360K, the 

heat transfer coefficient for the 2% CuO/60% nanofluid increases by 84%. By
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comparison, over the same temperature range, the heat transfer coefficient of the base 

fluid under identical flow condition increases by 67%.

Frictional pressure losses under turbulent pipe flow conditions are considerably 

higher for CuO/60% EG nanofluids than for the base fluid in equal velocity flow 

conditions. For the 4% CuO/60% EG nanofluid at a mean flow velocity of 1.52 m/s, 

frictional pressure loss is between 44% higher than the base fluid at 323K, and 40% 

higher at 360K.

Fluid pumping power under given flow conditions is also considerably higher for 

CuO/60% EG nanofluids than for the base fluid. At 323K, the 2% CuO/60% EG 

nanofluid requires approximately 19% higher pumping power than the base fluid over the 

range of fluid velocities studied. At 360K, the difference between the 2% CuO/60% EG 

and the base fluid decreases slightly, to approximately 18% over the range of velocities 

studied.

Though there are significant increases in pumping power required for the 

nanofluid, the enhancement in heat transfer coefficient under given flow conditions is 

proportionally greater. Thus, for 2% CuO/60% EG nanofluids’ the pumping power 

required to achieve a given heat transfer coefficient is 50% lower at 360K. Considering 

that the volumetric heat capacity for these nanofluids are comparable to those of the base 

fluid, this demonstrates that the CuO/60% EG nanofluid has good potential for successful 

application in building heating applications.
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CHAPTER 4 

FINNED TUBE PERFORMANCE EVALUATION WITH NANOFLUIDS AND 

CONVENTIONAL HEAT TRANSFER FLUIDS2

4.1 Abstract

The performance of hydronic finned tube heating units with nanofluids is compared to 

their performance with a conventional heat transfer fluid comprised of 60% ethylene 

glycol and 40% water, by mass (60%EG) using a mathematical model. The nanofluids 

modeled are comprised of either CuO or Al2O3 nanoparticles dispersed in the 60%EG 

solution. The finned tube configuration modeled is similar to that commonly found in 

building heating systems. The model employs correlations for nanoparticle 

thermophysical properties and heat transfer that have been previously documented in the 

literature. The analyses indicate that finned tube heating performance is enhanced by 

employing nanofluids as a heat transfer medium. The model predicts a 11.56% increase 

in finned tube heating output under certain conditions with the 4% Al2O3/60% EG 

nanofluid and a 8.7% increase with the 4% CuO/60% EG nanofluid compared to heating 

output with the base fluid. The model predicts that pumping power required for a given 

heating output with a given finned tube geometry is reduced with both the Al2O3/60% EG 

and the CuO/60% EG nanofluids compared to the base fluid. The finned tube with 4%

2 Strandberg, R. and Das, D.K., Finned Tube Performance Evaluation with Nanofluids and Conventional 
Heat Transfer Fluids, International Journal o f  Thermal Sciences (2009), DOI: 10.1016/ 
j.ijthermalsci.2009.08.008.



Al2O3/60% EG has the lowest liquid pumping power at a given heating output of all the 

fluids modeled.
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4.2 Introduction

Heat transfer fluids that are enhanced with extremely small particles (less than 

100 nm in their characteristic dimension, often called “nanoparticles”) in dispersion, are 

often referred to as “nanofluids.” These fluids have been shown in studies by multiple 

authors to exhibit superior thermal conductivity [4] to that predicted by conventional 

correlations developed for fluids enhanced with micrometer-sized particles. Other 

studies have focused on developing correlations to predict the Nusselt number of internal 

flows for nanofluids. For example, the work of Li and Xuan [8], Xuan and Li [18], 

suggests that Nusselt numbers for nanofluids are superior to those of the base fluid under 

certain flow conditions (for instance, when directly compared at equal Reynolds 

numbers). The higher Nusselt numbers, combined with higher thermal conductivity 

yields superior convective heat transfer compared to conventional heat transfer fluids in 

internal flow situations. The dispersion of the nanoparticles into fluids also results in 

higher viscosity that is related to particle mean diameter, concentration and temperature. 

Under certain flow conditions (for constant average liquid velocity, for instance), this can 

result in increased pumping losses. The higher viscosity also contributes to a reduction in 

Reynolds number, which decreases the Nusselt number when compared to conventional 

fluids under constant velocity conditions. These factors must be weighed against each 

other in evaluating the suitability of nanofluids for use in heat transfer applications.

Finned tube radiators are often used to provide comfort heating in perimeter zones 

within occupied spaces of buildings. These finned tubes are comprised of a copper tube



or steel pipe with thin, rectangular fins mechanically crimped onto the outside diameter at 

regular intervals. Heat transfer fluid is pumped through the copper tubing while room air 

is drawn over the fins by natural convection, thereby accomplishing heat transfer between 

the hot heating fluid and the cooler room air. The application of nanofluids in these 

finned tube radiators may result in several potential benefits including increased heating 

output for equal liquid flow. These performance impacts, in turn, may be translated into 

a reduction in total required heat transfer area. This trait can be used to reduce the 

materials of construction needed to achieve a given rate of heating output. Superior heat 

transfer properties of nanofluids may also result in lower liquid flow rate for a given rate 

of heat transfer, yielding a reduction in the liquid pumping power consumed compared to 

the base fluid.

The objective of this work is to characterize the performance of finned tube 

radiators with CuO/60% EG and Al2O3/60% EG nanofluids at different volumetric 

concentrations, and to compare the finned tube radiators’ performance to that with the 

60% EG base fluid. In cold regions of the world such as Alaska, 60% EG is employed as 

a heat transfer fluid because of its extreme freeze resistance. Heating output for a given 

finned tube geometry is characterized using the nanofluids and the base fluid. Also 

characterized are frictional pressure loss, pumping power and heat transfer area 

associated with a given heating output using the nanofluids and the base fluid.
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4.3 Analysis

The methodology employed to determine finned tube heating capacity was based 

on several previously developed correlations for thermophysical properties. Selected 

correlations for properties of the air and the 60% ethylene glycol/water solution were 

based on curve fits generated from published property data.

4.3.1 Heat Transfer Fluid Thermophysical Properties

In this analysis, liquid filled finned tube heating capacity is compared for a variety 

of different heat transfer fluids. These include 60% ethylene glycol/40% water solution 

(heretofore referred to as 60% EG) and nanofluids comprised of a 60% EG base fluid 

with CuO or Al2O3 nanoparticles uniformly dispersed in volumetric concentrations of 4% 

or less. Thermophysical property data for the 60% EG were taken from ASHRAE 

Fundamentals [1]. Thermophysical properties for air are taken from Bejan [2].

For all curve -  fits applied to 60% EG property data (Eqs. 2, 8 and 11 below) and 

corresponding data for air (Eqs. 1, 7, and 10), R2>0.99. These correlations are applicable 

for 60% EG between 273K < T  < 370K, and for air between 173K < T < 333K. These 

temperatures are comparable to those seen in facility heating systems.

Density: For density of air, a polynomial curve fit was applied to the property data, 

with R2>0.99. The equation for the fitted polynomial is

p mr = 2.3548 x 10-5 • T2 - 1.7928 x 10-2 • T + 4.4289 (1)



where p air is in kg/m3. For density of the 60% EG, a polynomial curve fit was applied to 

the ASHRAE data. The equation for the fitted curve is

p bf = -0.002475 • T2 + 0.9998 • T + 1002.5023 (2)

where p bf is in kg/m3. Pak and Cho [10] developed a relationship for the effective

density of nanofluids. This is used for both types of nanofluids considered. It is stated 

as:

Pnf = p  + (1 - $)Pbf . (3)

Specific Heat: For specific heat of air, a constant value of 1006 J/kg*K is used. For 

specific heat (J/kg*K) of the 60% EG, a linear curve fit was applied to the ASHRAE data. 

The equation for the fitted curve is:

c pbf= 4.248 • T + 1882.4 . (4)

Buongiorno [3] has developed a relation for effective specific heat of nanofluids. 

Buongiorno’s correlation is employed for evaluating the specific heat of CuO nanofluids. 

It is stated as:
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p c p,s + 0 -  $)Pbf -
Pn f

c = r r s~p ,s ' V V ) H b f ' p ,b f  (5)
p ,n f  - ■ EV

From experiments on Al2O3 nanoparticles in 60% EG, Vajjha and Das [16] developed a 

specific heat correlation. It is stated as

(AT) + B
c p,nf = V V cp,bf JJ

cp,bf (C + t )
(6)



where A = 0.000891, B=0.5179 and C=0.4250 and 315 K< T < 363 K; 0.01< p< 0.1. 

Also, cp is in kJ/(kg*K).
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Viscosity: For viscosity of air (in Pa*s), a linear curve fit was applied to the property 

data, with R2>0.99. The equation for the fitted line is

For viscosity of the 60% EG (in mPa*s), a curve fit based on Andrade’s equation 

presented by Reid et al. [11] was applied to the ASHRAE data. The equation of this 

curve fit is

This correlation applies for 273K < T < 360K.

Vajjha [14], developed the following correlations based on experimental data of 

Namburu et al. [9] for computing the viscosity (in mPa*s) of nanofluids comprised of 

CuO and Al2O3 nanoparticles dispersed in 60% EG base fluid

Vbf

A = 0.9830 and B = 12.9590 for Al2O3 with p up to 10% (0<p<0.10) 

and A = 0.9197 and B  = 22.8539 for CuO with p up to 6% (0<p<0.06).

This viscosity correlation was developed for 273K < T  < 360K.

Thermal Conductivity: For thermal conductivity of air (W/m»K), a linear curve fit 

was applied to the property data, with R2>0.99. The equation for the fitted line is

juair = 5.2638 x 10-8 • T + 2.6384 x 10-6. (7)

(8)

= A eBp (9)



kmr = 7.5576 x 10-5 • T + 3.1203 x 10-3. (10)

For thermal conductivity of the 60% EG, a polynomial curve fit was applied to the 

ASHRAE data. The equation of this curve fit is

kbf = -3 .196  x 10-6 • T 2 + 2.512 x 10-3 • T -  0.10541. (11)

From experiments on CuO and Al2O3 nanoparticles dispersed in 60% EG, Vajjha and Das 

[15] developed a thermal conductivity correlation based on an improvement of the Koo- 

Kleinstreuer [7] model.
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where f  (T, 2 )=  (2.8217 x 10-2 2 + 3.917 x 10-3) T “ j  -  (3.0669 x 10-2 2 + 3.91123 x 10-3).

For nanofluids comprised of Al2O3 nanoparticles,

P=  8.4407(1002)-1 07304 (12b)

while for nanofluids comprised of CuO nanoparticles,

P=  9.881(100 2)^0'9446 (12c)

These correlations apply for 293K<T<363K. For Al2O3 0.01< 2<0.10, while for CuO 

0.01< 2<0.06.

The first term of the Eq. (12a) is the well-known Hamilton-Crossers [6] equation, 

while the second term was developed to take into account the Brownian motion 

associated with the nanoparticles, that enhances the thermal conductivity of the fluid.
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For this analysis, all of the thermophysical properties are evaluated for CuO and 

Al2O3 nanoparticles with diameters of 29 nm and 44 nm, respectively.

4.3.2 Fluid Flow Parameters

Reynolds number of the liquid flow through of the finned tube is computed using 

the equation

PVdi
Re = (13)

On the air side of the finned tube, heat transfer is driven by natural convection. 

Correlations reported by Raithby and Hollands [13] are used to model this process. The 

Raleigh number is computed with the relation

Ra =
gP(Tw -  T  )s3

va D c
(14)

gPwhere —  is computed using the following correlation: 
va

gP^ -  = 1.0794 x1019 • T  ' 4 4626. 
va

(15)

This correlation is based on property data of air from Bejan [2], for 223K<T<1273K, 

R2>0.99.

The Nusselt number associated with the fin to air convective heat transfer is 

computed using the relation reported by Raithby and Hollands [13], originally developed 

for regularly spaced, round fins concentrically attached to a tube:

N u0 =
Ra
12n

/ \3 /  \31
2 -  exp

f  C  ^ 4 n f  C  1 4- 1 ^  1 -  exp - P H 1- 1

1

§
1 1

£
J

(16)

s
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where $  ° .17<f+ e z, z  = — and Cx =
De

23.7 -1.1(1 + 152Z2)

1 + P\
(17)

The relation is adapted for use with a finned tube with rectangular fins by 

computing an equivalent diameter for the rectangular fins. This equation is:

De = 1.23(H) . (18)

For computing the convective heat transfer coefficient on the liquid side when the 

base fluid is circulating, a correlation developed by Gnielinski [5] from an extensive 

database for turbulent internal flows is selected:

Nu = 0.012(Re087 -  280)Pr04 . (19)

Gnielinski’s correlation is valid for 1.5 < Pr < 500 and 3x103 < Re < 106 and for 

liquids in a smooth, circular pipe, with fully developed flow.

For this study, Xuan and Li’s [18] Nusselt number correlation for nanofluids was 

adopted.

Nuf  = 0.0059(1.0 + 7.628620 6886Pe 0■001)Re0f9238 Pr„°4 . (20)

This is the only correlation available for nanofluids thus far that has been developed from 

experimental data on low concentration nanofluids (2< 2%)

The inside convective heat transfer coefficient is computed using the standard 

relation:

h, = ^  . (21)d
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The following equation is employed to compute heat output from the finned tube

section:

For the purpose of the trial and error procedure for computing the finned tube heating 

output described later, wall temperature is estimated using the equation:

For purposes of this analysis, the wall temperature is assumed to remain constant. 

Since the tubing is thin-walled copper, this assumption is reasonable. In determining heat 

transfer performance, fluid properties are evaluated at the bulk mean temperatures of the 

fluid streams.

4.3.3 Finned Tube Capacity Calculation

To determine the output of the baseboard, a trial and error algorithm was 

developed. In the first step of the algorithm Tw is estimated. Based on this value, the 

airside Nusselt and Raleigh numbers are computed. Then, using the airside Nusselt 

number, and considering the ambient temperature, the heating output from the finned

(22)

and the total heat transfer rate is found using this equation:

(22a)

On the liquid side, the following relation is used to compute heat transfer:

(23)

T  = T  ■
w m K A

(24)



tube is computed. Next, the fluid side outlet temperature is found using Eq. (23), where 

p , and cp are evaluated at the liquid inlet temperature. With this information, compute

the mean temperature of the liquid. Then, based on the mean liquid temperature, the 

liquid Reynolds number and Prandtl number are calculated. Using this, the Nusselt 

number for the liquid is found. Also using the mean liquid temperature property values, 

the inside heat transfer coefficient is calculated. Based on this inside heat transfer 

coefficient, a new wall temperature estimate is computed. This procedure is repeated 

until Tw converges upon a stable value.
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4.3.4 Frictional Loss Calculation

The Darcy friction factor for the liquid flow is found using the following 

correlations from ASHRAE Fundamentals [1]:

X2

vReJ (A + B) _

where A =

16

2.457ln

£ \0.9
+

0.27s

v di J J

16

(25)

and B .

The frictional head loss for liquid flow in a pipe is then computed using the friction factor 

with the following relation presented by White [17]:

1
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h = 1 L V L
P  , (26)

This is converted to pressure loss by using the following equation:

AP = pghP  . (27)

The fluid pumping power required per unit length of pipe to overcome this frictional 

pressure loss is found using the following equation from White [17]:

4.3.5 Thermal Resistance Calculation

The thermal resistance is a measure of the temperature difference required to 

drive a given amount of heat flow. For the purpose of this analysis, the thermal 

resistance to forced convection across the inside boundary between the liquid and the 

tube is defined as follows:

The thermal resistance to natural convection across the outside boundary (between the 

fins and outer surface of the tube) and the ambient air is defined as follows:

W  = m —  
P

(28)

(30)

The total thermal resistance is found using the following relation:

(31)



4.3.6 Validation of Heat Transfer Model and Methodology

Though the method of computing the finned tube heating capacity is intuitively 

correct, it is important to validate the model by comparing predicted results with 

reference data to ensure that the model has been executed properly and that assumptions 

employed to facilitate the model do not introduce unreasonable errors into the results. 

Validation of this model is accomplished by comparing data generated by the model to 

performance rating data for Rittling finned tube from Hydro-Air, Inc. [12] using identical 

geometry, and inlet conditions for liquid and air.

The configuration of the finned tube that was used to validate the model had the 

following configuration: tube inside diameter 20 mm (0.785 in), with square fins 108 mm 

(4.25 in) on a side, on a pitch of 6.4 mm (0.25 in). Ambient air temperature was 291K 

(65°F). Fluid velocity modeled was 0.914 m/s (3 ft/sec). The manufacturer’s rating data 

is given with water as the heating medium, and so the model was tested using water. 

Dimensions for the finned tube heating unit are shown in Figure 4.1.
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5

Figure 4.1. Finned heating coil configuration.

For these comparisons, the entering water temperature was varied between 372K 

(210°F) and 347K (165°F). The Reynolds number for the water ranged from 65,662 to 

44,971. Typically, manufacturers rate finned-tube heating units according to mean water 

temperature. Data generated by the model was directly compared to the manufacturer’s 

data on this basis.

The results of these analyses show that the model agrees reasonably well with the 

manufacturer’s product data. In Figure 4.2 the heating capacity data generated by the 

model is presented next to the manufacturer product data [12].
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Mean Water Temp (K)

Figure 4.2. Finned tube rated heating output versus model predicted capacity, variable

mean water temperature.

As shown in Figure 4.2, as mean water temperature is varied, the qualitative trend 

of the model output follows the manufacturer’s product data well over the range of 

temperatures considered. At the lower end of the mean water temperatures considered, 

the model predicts heating capacity 9.42% higher than the product data [12]. At the high 

end of the range, the model predicts heating capacity 10.07% higher than the product 

data. Average absolute deviation is 9.70% over the range of mean water temperatures 

examined.

In Figure 4.3, as average water velocity was varied, once again the qualitative 

trend of the model output followed the reference data well. The data in this figure is for a 

finned tube, configured with a steel pipe and steel fins. Appropriate dimensions, and 

material properties for the steel and the steel fins were entered into the model. Once



again average absolute deviation is 10% over the range of average water velocities 

considered. These two validation runs demonstrate that the model consistently predicts 

output in excess of the unit’s rated output, over a wide range of operating parameters.

There are a number of simplifications adopted in the model in order to facilitate 

use of this computational model that may contribute to deviation from the device’s actual 

performance. The key assumptions are that there is fully turbulent liquid flow inside the 

tubing at Re>3,000, fully developed flow at the inlet of the tubing, and negligible thermal 

resistance across the thin-walled tubing. Furthermore, the fins as modeled are 

rectangular. Since the actual fins are stamped from sheet stock, they have radiused tips. 

The total fin area modeled, therefore, is somewhat higher than that of the actual finned 

tube, contributing to higher than rated output. The model also assumes that all fins are 

“thin,” meaning heat transfer from the tips is neglected. With a fin density of 158 per 

meter, and fin thickness of 0.4 mm, this represents 0.8% of the total heat transfer area, so 

it is reasonable to neglect the heat transfer from the fin tips. A detailed analysis of these 

errors is not necessary for this paper, as the validation runs indicate that the model 

captures the qualitative behavior of the finned tube heater quite well. This will allow 

performance comparisons between heating fluids to be conducted with confidence over a 

wide range of operating parameters. Admittedly, it is not recommended as a highly 

accurate model for predicting the performance of a particular type of finned tube.
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Figure 4.3. Finned tube rated heating output versus model predicted capacity, constant

average water temperature.

Sensitivity analyses were conducted to verify that the model was insensitive to the 

initial guess of wall temperature used in Eq. (24). The iteration routine was executed 

holding all inputs constant except for the initial guess of wall temperature. The results of 

the analyses are illustrated graphically in Figure 4.4.
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Iteration

Figure 4.4. Convergence of model output as the initial wall temperature guess is varied.

The experiment demonstrates that as the initial guess for wall temperature is 

varied from 345K to 360K, the model converges upon the same value after a small 

number of iterations. This provides evidence that the algorithm developed for this 

analysis produces output that converges on a single result that is constant as the initial 

guess varies.

4.4 Results and Discussions

As discussed previously, nanofluids typically exhibit higher thermal conductivity 

and viscosity than their base fluid; the value of both properties increase with increasing 

volumetric concentration. In contrast, specific heat decreases moderately with increasing 

volumetric concentration. The net effect is that Prandtl number increases as nanoparticle 

volumetric concentration increases. This, in turn, leads to a Nusselt number that also



increases with volumetric concentration. The Nusselt number for nanofluids is higher 

than the base fluid in pipe flow at equal Reynolds number. The increase in Nusselt 

number, in combination with the higher thermal conductivity has the effect of increasing 

the convective heat transfer coefficient on the inside of the tube. This has the overall 

effect of improving heat transfer between the hot liquid and the cooler air by lowering the 

overall thermal resistance between the two mediums. However, due to the higher 

viscosity of the nanofluid relative to the base fluid, this enhancement can come with a 

penalty in pumping energy consumed at equal average liquid velocity. These two 

competing factors must be weighed against each other to determine the utility of a 

particular nanofluid as a means of improving heating system performance.

4.4.1 Finned Tube Heating Performance

It is common in arctic environments (such as northern Alaska) to employ “high 

temperature” heating systems for HVAC applications in systems that employ finned tube 

heaters. The mean liquid temperatures across the finned sections in these devices are 

commonly 350 to 352K (170 to 175°F). They are usually installed along the exterior 

walls of occupied rooms, where rates of heat loss to the outside are highest. A zone 

control valve tied to a zone temperature sensor or thermostatic control will usually cycle 

open in response to a drop in room temperature, thereby allowing hot fluid to flow 

through the finned tube section. Heat is delivered to the occupied space by way of 

natural convection over the heated fins.
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For this study, the heating capacity for a finned tube with fixed geometry is 

modeled with CuO/60% EG and Al2O3/60% EG nanofluids and compared to heating 

capacity with 60% EG. The finned tube geometry modeled is identical to the finned tube 

used in the model validation runs. Inlet conditions are selected to represent those seen in 

typical HVAC systems: entering liquid temperature is 383K (180°F), and the ambient air 

temperature is 288K (60°F).

4.4.2 Variable Fluid Velocity Finned Tube Heating Output

Figure 4.5 illustrates the predicted heating capacity of finned tube with inlet 

conditions just described. The finned tube is modeled with CuO/60% EG of 1 to 4% 

volumetric concentration and the base fluid. Since Xuan and L i’s [18] correlation was 

developed from experimental data on nanofluids with volumetric concentrations up to 

2%, the data at 3 and 4% are extrapolated. This is performed for the sake of gaining 

insight into performance trends of the nanofluids, in the absence of a more appropriate 

correlation.

The model predicts higher heating capacity for the finned tube with the CuO/60% 

EG nanofluid over the range of liquid velocities examined. The 4% volumetric
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Average fluid velocity (m/s)

Figure 4.5. Finned tube heating capacity with high temperature CuO nanofluid at

variable liquid velocity. 

concentration nanofluid has higher output than the nanofluids of lesser concentration, 

though by a very slim margin. Mean Reynolds numbers for the 4% CuO/60% EG 

nanofluid ranges from 3,506 at 0.305 m/s average liquid velocity to 10,857 at 0.914 m/s 

average liquid velocity. This equates with volumetric flows of 1.5 to 4.5 GPM. The 

finned tube heating output enhancement is greatest at the lower velocities. The capacity 

of the 60% EG -  filled finned tube approaches that of the nanofluid - filled finned tube as 

average fluid velocity approaches 1.0 m/s. At an average fluid velocity of 0.305 m/s, the 

boost in heating capacity is 8.7% with the 4% CuO/60% EG nanofluid as compared to the 

same finned tube with the base fluid. The improvement in capacity diminishes to 3.4% 

as average fluid velocity reaches 0.914 m/s. As the average fluid velocity increases, the 

relative importance of the inside convective heat transfer coefficient in the overall



resistance to heat transfer decreases since as the air-side convective heat transfer 

coefficient remains nearly constant with increasing liquid velocity and eventually 

dominates over the resistance to heat transfer on the inside of the tube.
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Figure 4.6. Finned tube heating capacity with high temperature Al2O3 nanofluid at

variable liquid velocity.

As with the CuO/60% EG nanofluid, finned tube heating capacity with the Al2O3/60% 

EG increases relative to the capacity with 60% EG for identical inlet conditions. Figure

4.6 illustrates the increased finned tube heating capacity with nanofluid concentrations up 

to 4%. The data show that as the volumetric concentration of the Al2O3/60% EG 

nanofluid increases, heating capacity increases proportionally. Reynolds number for the 

4% Al2O3/60% EG nanofluid ranged from 4,499 to 13,931 over the range of average 

liquid velocities modeled. As seen with the CuO/60% EG nanofluid, finned tube heating 

capacity enhancement with the Al2O3/60% EG nanofluid is greatest at lower average



liquid velocities. As liquid velocity is increased, the heating capacity of the finned tube 

with the nanofluids approaches that with the base fluid, although not to the extent that 

exhibited by the finned tube with the CuO/60% EG nanofluid for equal inlet conditions. 

At an average fluid velocity of 0.305 m/s, the boost in finned tube heating capacity is

11.6% with the 4% Al2O3/60% EG nanofluid compared to heating capacity with the base 

fluid. As fluid velocity is increased to 0.914 m/s, the difference in heating capacity is 

only 4.6%.

The thermophysical properties of a nanofluid are affected by the size of the 

nanoparticles in suspension. The conductivity correlations employed for this analysis 

predict that as nanoparticle size decreases, thermal conductivity increases. This has the 

effect of increasing the heating output of the finned tube when other conditions are held 

constant. As the nanoparticle diameter is decreased from 30 nm to 10 nm for the 

CuO/60% EG nanofluid, heating output increases by 1.3%. Similarly, as the nanoparticle 

diameter is decreased from 44 nm to 10 nm for the Al2O3/60% EG nanofluid, heating 

output increases by 1.8%. Unfortunately, the viscosity correlations used for this analysis 

do not account for the effect of nanoparticle size on viscosity, so the full extent of particle 

size effects on heating output cannot be fully explored through this analysis.
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4.4.3 Finned Tube Performance Comparison 

4.4.3.1 Liquid Frictional Pressure Loss Comparison

Output/length (W/m)

Figure 4.7. Finned tube heating capacity versus liquid friction loss (on a unit length 

basis) with AI2O3 nanofluid and 60% EG.

Figure 4.7 illustrates the relationship between finned tube heating capacity and 

liquid frictional pressure loss for the finned tube with 60% EG, and with Al2O3/60% EG 

nanofluid. The graph is created by plotting calculated frictional pressure loss against 

calculated finned tube heating output. Heating output is varied by adjusting liquid 

velocity, while geometry and material properties remain constant. Presenting the 

performance data in this way illustrates that the Al2O3/60% EG nanofluid has lower 

liquid frictional pressure loss per unit length of pipe, at all concentrations modeled, than 

the finned tube with 60% EG at a given finned tube heating output. To allow a 

quantitative comparison of frictional pressure drop for the base fluid and the nanofluid at 

a particular heating output, the pressure drop at 1,000 W/m is found using interpolation.



With 4% Al2O3/60% EG nanofluid, the frictional pressure loss at 1,000 W/m heating 

output is approximately 40% less than that required for the finned tube with the base fluid 

at an equivalent heating output. The difference for the Al2O3/60% EG nanofluid at the 

lower concentrations is 40%, 37%, and 31% at 3%, 2% and 1% volumetric 

concentrations, respectively. Presenting these data in this way shows a tight grouping for 

the finned tube heating output over the range of volumetric concentrations studied. This 

shows that increased heating output associated with higher Al2O3/60% EG nanofluid 

concentration is balanced very closely with increased viscosity contributing to higher 

frictional pressure loss.
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Figure 4.8. Finned tube heating capacity versus liquid friction loss (on a unit length 

basis) with CuO nanofluid and 60% EG.

Figure 4.8 illustrates the relationship between finned tube heating capacity and 

liquid frictional pressure loss for the finned tube with 60% EG, and with CuO/60% EG



nanofluid. These data are presented in the same way as described in Figure 4.7. With 

1% CuO/60% EG nanofluid, the frictional pressure loss was approximately 26% less than 

that required for the finned tube with the base fluid at an equivalent heating output. The 

difference for the CuO/60% at the higher concentrations is 25%, 21%, and 14% at 2%, 

3% and 4% volumetric concentrations, respectively. The model predicts that the 

Al2O3/60% EG nanofluid thermophysical properties are such that increasing the 

volumetric concentration results in decreasing pressure loss associated with a given 

heating output within the range of concentrations examined. In contrast, for the 

CuO/60% EG nanofluid, it appears that there is an optimal concentration of 

approximately 1% that minimizes pressure drop.
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4.4.3.2 Liquid Pumping Power Comparison

Heating Output (W)

Figure 4.9. Liquid pumping power required for a given heating output (on a unit length 

basis) for finned tube with nanofluids and 60% EG.

Figure 4.9 depicts a chart of the liquid pumping power required to overcome the 

frictional pressure drop through the tubing for 4% Al2O3/60% EG, 1% CuO/60% EG 

nanofluids and the base fluid. For a given heating output, the finned tube with the 4% 

Al2O3/60% EG and the 1% CuO/60% EG nanofluid require substantially less pumping 

power than with the base fluid. For 1,000 W/m heating output, the 4% Al2O3/60% EG 

nanofluid requires approximately 61% less pumping power than that required for the 

finned tube with the base fluid. At the same output, the 1% CuO/60% EG requires 

approximately 41% less pumping power.



4.4.3.3 Thermal Resistance Comparison

The analysis indicates that the heat transfer coefficient on the inside of the tube is 

increased significantly by the use of nanofluids. Accordingly, the thermal resistance to 

heat transfer is reduced across this boundary. At lower liquid velocities, the inside 

thermal resistance represents a higher percentage of total thermal resistance, and so the 

increase in heat transfer coefficient attributable to the use of nanofluids has a 

proportionally greater affect on finned tube heating output. For instance, with 60% EG at 

a liquid velocity of 0.305 m/s, the inside thermal resistance represents 21.8% of the total 

thermal resistance. In contrast, at a liquid velocity of 0.914 m/s, the inside thermal 

resistance represents 8.9% of total thermal resistance. For 2% Al2O3/60% EG, the total 

thermal resistance is reduced from 3.6% to 8.6% in comparison to the base fluid as liquid 

velocity is reduced from 0.914 m/s to 0.305 m/s, respectively. The reduction in total 

thermal resistance for 2% CuO/60% EG compared to the base fluid is comparable, but 

not as dramatic. Figure 4.10 illustrates the total thermal resistance as a ratio to that for 

the base fluid over a range of liquid velocities.
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Liquid velocity (m/s)

Figure 4.10. Total thermal resistance ratio (nanofluid to base fluid) with variable liquid

velocity.

4.4.3.4 Heat Transfer Area Comparison

Figure 4.11 illustrates the fin density necessary to facilitate a given rate of heat 

transfer for given entering fluid conditions for a finned tube heating unit with 4% 

Al2O3/60% EG and 60% EG. This graph is generated by varying fin density, thereby 

changing the total heat transfer surface area of the heating unit. The heating capacity is 

computed by varying fin pitch from 6.35 mm to 11.29 mm (equivalent to fin densities of 

2.25 to 4 fins/inch). The axes are then inverted (the fin pitch is actually the independent 

variable) in order to more clearly show the effect of the nanofluid on the relationship 

between fin pitch and heating output.
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Heating Output (W/m)

Figure 4.11. Comparison of total heat transfer area required for the heating coil for 

given heating capacities and different fluids 

For these runs, the entering fluid temperature is 355K, with average velocity of 

0.914 m/s (3 ft/s). Tube and fin dimensions are unchanged from before. The graph shows 

that over the range of heating capacities examined, for a given finned tube heat output, a 

lower fin density is required with a nanofluid heat transfer medium than the base fluid, 

assuming identical inlet conditions and finned tube geometry. The finned tube heating 

unit with 4% Al2O3/60% EG nanofluid requires between 2.8% and 14.5% less fin area, at 

heating outputs of 750 and 1,100 W respectively. This is significant because, for a given 

finned tube heating output, less finned area is necessary with nanofluids. As mentioned 

previously, for a given finned tube configuration, and entering fluid conditions, 

nanofluids improve the radiator’s output. Consequently, for a given heating output the 

length of finned tube may be reduced in proportion with the increased heating output.



Both of these characteristics may be exploited to save materials of construction in a 

building HVAC system.

4.5 Conclusions

A model was used to compare finned tube heating performance with 60% 

ethylene glycol and CuO/60% EG and Al2O3/60% EG nanofluid. Entering fluid 

conditions were typical of those found in commercial heating systems in subarctic and 

arctic regions. The model predicts that finned tube heating output with Al2O3/60% EG 

nanofluid is superior compared to that of the heating capacity with CuO/60% EG 

nanofluid, and of the base fluid. Finned tube heating capacities with the CuO/60% EG 

and Al2O3/60% EG nanofluid are superior to that with the base fluid at all concentrations 

examined. For both nanofluids, heating capacity increases with nanoparticle volumetric 

concentration.

Finned tube heating capacity was modeled over a range of liquid velocities that 

are typical of those used in finned tube heating units. Generally, as average liquid 

velocity increases, heating capacity with the CuO/60% EG, the Al2O3/60% EG and the 

base fluid increase steadily. In regimes of lower average liquid velocities (and Reynolds 

number), the deviation between the nanofluids and the base fluid is greater, and the 

benefits of the nanofluids are more apparent. The model predicts that 4% Al2O3/60% EG 

nanofluid yields a heating output that is 11.6% greater than with the base fluid at 0.305 

m/s. The 4% CuO/60% EG nanofluid yields a finned tube heating output that is 8.7% 

greater than with the base fluid with the same entering conditions. As velocity increases
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to 0.914 m/s the difference in heating output decreases to 4.6% and 3.4% greater than that 

for the finned tube with the base fluid than for the finned tube with the 4% Al2O3/60% 

EG and the 4% CuO/60% EG, respectively.

When compared on the basis of equivalent heating output, the use of these types 

of nanofluids results in a reduction of pumping power owing to the fact that lower 

average liquid velocity is required for equal heat output at equal entering conditions. For 

4% Al2O3/60% EG nanofluid, at a heating output of 1,000 W/m the liquid pumping 

power to overcome the frictional pressure drop is approximately 61% less than that 

required with the base fluid at the same heating output. For the CuO/60% EG nanofluid, 

the nanofluid with 1% volumetric concentration has the lowest pumping power 

requirement of the concentrations modeled. For 1,000 W/m heating output, pumping 

power required for the 1% CuO/60% EG, is 41% less than that required for the finned 

tube with the base fluid.

The improved heat transfer performance of these nanofluids may also be 

exploited to reduce the amount of finned area necessary for a given rate of heat transfer at 

equal flow velocity. When compared at equal heating outputs, a finned tube with 4% 

Al2O3/60% EG requires fin density up to 14.5% lower than that for a finned tube with 

base fluid. Finned length required for a given output may also be reduced in proportion 

to the increased output for a given finned tube configuration.

The heat transfer performance of the Al2O3/60% EG and the CuO/60% EG 

nanofluids is superior to that of their corresponding base fluid in this application. These 

enhanced properties may be exploited to realize a reduction in pumping power, or
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reduction in the size of heating equipment required to accomplish a given amount of heat 

transfer. Since the correlations for thermophysical properties employed in these analyses 

have been developed based on experiments on these specific nanofluids, it is not possible 

to make general conclusions about the performance of nanofluids in this application.
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4.6 Nomenclature

A Heat transfer surface area (m )

C i  Fin geometric parameter

cp Specific heat (J/kg-K)

dp Particle diameter (m)

d j Tubing inside diameter (m)

do  Tubing outside diameter (m)

De Effective fin diameter (m)

f  Darcy friction factor

GPM Gallons per minute

g  Gravitational acceleration (m/s2)

h Convective heat transfer coefficient (W/m2-K)

hF  Frictional head loss (meters of fluid gage)

H  Fin height (m)

k  Thermal conductivity (W/m-K)

L  Length (m)

•
m Mass flow rate (kg/s)

Nu Nusselt number (hd/k)

AP Pressure drop (Pa)

Ped  Particle Peclet number (v„jdp /a „f)
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Pr Prandtl number (cpu/k)

q Total heat transfer rate (W)

ff
q Heat flux (W/m2)

R Thermal resistance (m2-K/W)

Ra Rayleigh number

Re Reynolds number (pV d/u)

s Fin pitch, fin to fin (m)

T Temperature (K)

W Pumping power (W)

4.7 Greek Symbols

a  Thermal diffusivity (k/pcp)

P  Coefficient of volumetric thermal expansion (1/K) in Eq.(14) and a curve-

fit constant in Eq.(12)

P  Geometric parameter

s  Pipe roughness (m)

k  Boltzmann constant (1.3806503 x 10-23 m2 kg/s2 K)

U Dynamic viscosity (mPa-s)

n Fin efficiency

(f> Volumetric concentration

p  Density (kg/m3)
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Z  Diameter ratio

4.8 Subscripts

i Inside

f  Base fluid

m Mean

„ f  Nanofluid

o Outside

5  Solid nanoparticle
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CHAPTER 5 

HYDRONIC COIL PERFORMANCE EVALUATION WITH NANOFLUIDS AND 

CONVENTIONAL HEAT TRANSFER FLUIDS3

5.1 Abstract

The performance of hydronic heating coils with nanoparticle enhanced heat transfer 

fluids (nanofluids) is evaluated and compared to their performance with a conventional 

heat transfer fluid comprised of 60% ethylene glycol and 40% water, by mass (60%EG). 

The nanofluids analyzed are comprised of either CuO or Al2O3 nanoparticles dispersed in 

the 60%EG solution. The heating coil has a finned tube configuration commonly used in 

commercial air handling and ventilating systems. Coil performance is modeled using 

methods that have been previously developed and validated. The methods are modified 

by incorporating Nusselt number correlations for nanofluids that have been previously 

documented in the literature. Similarly, correlations for nanoparticle thermophysical 

properties that have been documented in the literature are employed. The analyses show 

that heating coil performance may be enhanced considerably by employing these 

nanofluid solutions as a heat transfer medium. The model predicts a 16.6% increase in 

coil heating capacity under certain conditions with the 4% Al2O3/60% EG nanofluid and 

a 7.4% increase with the 2% CuO/60% EG nanofluid compared to heating capacity with 

the base fluid. The model predicts that, for a coil with the Al2O3/60% EG nanofluid,

3 Strandberg, R. and Das, D.K., Hydronic Coil Performance Evaluation With Nanofluids and Conventional 
Heat Transfer, Journal o f  Thermal Sciences and Engineering Applications, 1(1), pp. 47-55.
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liquid pumping power at a given heating output is reduced when compared to a coil with 

the base fluid.
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5.2 Introduction

Heat transfer fluids that are enhanced with extremely small particles (less than 

100 nm in their characteristic dimension, often called “nanoparticles”) in dispersion, are 

often referred to as “nanofluids.” These fluids have been shown in studies by multiple 

authors to exhibit substantially superior thermal conductivity to that predicted by 

conventional correlations developed for fluids enhanced with micrometer-sized particles 

[1, 2]. Other studies have focused on developing correlations to predict the Nusselt 

number of turbulent internal flows for nanofluids [3]. These works suggests that Nusselt 

numbers for nanofluids are superior to those of the base fluid under certain flow 

conditions (for instance, when directly compared at equal Reynolds numbers), and 

correspondingly superior convective heat transfer coefficients in turbulent internal flows 

when compared to conventional heat transfer fluids. The dispersion of the nanoparticles 

into fluids also results in higher viscosity that is related to particle mean diameter, 

concentration and temperature. Under certain flow conditions (for constant average 

liquid velocity, for instance), this can result in a greater pumping losses, and reduction in 

Reynolds number at a given flow rate, which can, in turn, actually decrease the Nusselt 

number when compared to conventional fluids. These factors must be weighed against 

each other in evaluating the suitability of nanofluids for use in any heat transfer 

applications.

Liquid to air finned heat exchangers (or “coils”) are typically used to heat air in 

building Heating Ventilating and Air Conditioning (HVAC) applications. These heating



coils typically employ rows of close packed metallic (usually aluminum) fins that have 

been mechanically attached to thin walled copper tubes. Heat transfer fluid is passed 

through the copper tubing while air passes over the close packed fins, accomplishing heat 

transfer between the hot heating fluid and the outside air. Liquid and airflow is in a 

“crossflow” pattern. Large heating coils are used in central air handling units, while 

smaller versions are employed in unit heaters and duct mounted coils. The application of 

nanofluids in heating coils may result in several potential benefits including increased 

heating capacity for equal liquid and airflow. These performance impacts, in turn, may 

be translated into a reduction in total required heat transfer area, which may be reflected 

in lower fin density, and thus lower air-side pressure drop and fan energy requirement. 

Superior heat transfer properties may also result in lower liquid flow rate for a given rate 

of heat transfer, yielding a reduction in liquid pumping energy for a given rate of heat 

transfer.

The objective of the research is to compare the performance of the heating coil 

with CuO and Al2O3 nanofluids and conventional heat transfer fluids. Performance 

metrics used for comparison include heat transfer with varying liquid flows, liquid 

pressure drop and pumping power required for a given rate of heat exchange, and heat 

transfer area required to accomplish a given amount of heat transfer.

5.3 Analysis

The methodology employed to determine heating coil capacity is based on 

previously established series of calculations taking into account coil geometry, inlet
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conditions and fluid and coil material properties. These methods are described by Shah 

and Sekulic [4] and have been adapted for use with nanofluids by incorporating various 

analytical thermophysical property correlations from the literature.

5.3.1 Heat Transfer Fluid Thermophysical Properties

In this analysis, hydronic coil heating capacity is compared for a variety of 

different heat transfer fluids. These include 60% ethylene glycol/40% water (by mass) 

solution (heretofore referred to as 60% EG) and nanofluids comprised of a 60% EG base 

fluid with CuO or Al2O3 nanoparticles uniformly dispersed in volumetric concentrations 

of 4% or less. Thermophysical property data for the 60% EG were taken from ASHRAE 

Fundamentals [5]. Thermophysical properties for air are taken from Bejan [6].

Density: For density of air a polynomial curve fit was applied to the property data, with 

R2>0.99. The equation for the fitted polynomial is

p mr = 2.3548 x 10-5 • T2 - 1.7928 x 10-2 • T + 4.4289 (1)

where p cdr is in kg/m3 and 173K < T <333K. For density of the 60% EG, a polynomial

curve fit was applied to the ASHRAE data. The equation for the fitted curve is

p f  = -0.002475 • T2 + 0.9998 • T + 1002.5023 (2)

where p bf is in kg/m3. Pak and Cho [2] developed a relationship for the effective density

of nanofluids. This is used for both types of nanofluids considered. It is stated as:

P n f =  p  + (  - 4>)Pb f . (3)
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Specific Heat: For specific heat of air, a constant value of 1006 J/kg*K is used. For 

specific heat of the 60% EG (in J/kg*K), a linear curve fit was applied to the ASHRAE 

data. The equation for the fitted curve is:

c p bf = 4.248 • T + 1882.4 . (4)

Buongiorno [7] has developed a relation for effective specific heat of nanofluids. 

Buongiorno’s correlation is employed for evaluating the specific heat of CuO nanofluids. 

It is stated as:
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P c p ,s + (l - 0)Pbfc r
p nf

c = Y H ^ p,s ' V Y ) Hbf ' p,bf (5)
P,nf  ■ u ;

From experiments on Al2O3 nanoparticles in 60% EG, Vajjha [8] developed a 

specific heat correlation. This relation is employed instead of the correlation by 

Buongiorno since it is developed based on direct observations of a fluid that is similar in 

composition to the fluid studied for this paper. It is stated as

( f  Wc

cp,nf
(AT) + B p,s

V cp,bf JJ
cp,bf (C + f )

(6)

where A = 0.000891, B=0.5179 and C=0.4250 and 315 K< T < 363 K; 0.01< 0.1.

Also, cp is in kJ/(kg*K).

Viscosity: For viscosity of air (in Pa*s), a linear curve fit was applied to the property 

data, with R2>0.99. The equation for the fitted line is

Umr = 5.2638 x 10~8 • T  + 2.6384 x 10-6 . (7)



For viscosity of the 60% EG (in mPa*s), a curve fit based on Andrade’s equation 

presented by Reid, et al. [9] was applied to the ASHRAE data. The equation of this curve 

fit is

ln(Ubf) = 3 1 3 5 .6 ^  -  8.9367 (8)

Vajjha [8] presented the following correlations from experiments for computing the 

viscosity (in mPa*s) of nanofluids comprised of CuO and Al2O3 nanoparticles dispersed 

in 60% EG base fluid

b L  = AeBp (9)
Vbf

A = 0.9830 and B = 12.9590 for Al2O3 with p up to 10% (0<p<0.10) 

and A = 0.9197 and B  = 22.8539 for CuO with p up to 6% (0< p<0.06)

This viscosity correlation was developed for 273K < T  < 360K.

Thermal Conductivity: For thermal conductivity of air (W/m*K), a linear curve fit 

was applied to the property data, with R2>0.99. The equation for the fitted line is

kmr = 7.5576 x 10-5 • T + 3.1203 x 10-3 . (10)

For thermal conductivity of the 60% EG, a polynomial curve fit was applied to the 

ASHRAE data. The equation of this curve fit is

kbf = -3.196 x 10~6 • T2 + 2.512 x 10-3 • T - 1.0541 . (11)

From experiments on CuO and Al2O3 nanoparticles dispersed in 60% EG, Vajjha [8] 

developed a thermal conductivity correlation based on an improvement of the Koo- 

Kleinstreuer [10, 11] model.
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k = ks + 2kbf -  2p(kbf -  ks)

f  y ks + 2kbf + ^(pbf -  ks) ,

k t
kbf + 5 x 104 PpPbfcp M - i p ^ f  (T’p) (12a)

where f  (T, p )=  (1.0336 x 10~4 p + 1.4348 x 10-5 )T -(3 .0669 x 10-2 p + 3.91123 x 10~3). 

For nanofluids comprised of Al2O3 nanoparticles,

These correlations apply for 293K<T<363K. For Al2O3 0.01< p<0.10, while for CuO 

0.01< p<0.06. Note that dp is the particle diameter expressed in meters.

The first term of the Eq. (12a) is the well-known Hamilton-Crossers [12] 

equation, while the second term was developed to take into account the Brownian motion 

associated with the nanoparticles that enhances the thermal conductivity of the fluid.

For this analysis, all of the thermophysical properties are evaluated for CuO and 

Al2O3 nanoparticles with diameters of 29 nm and 44 nm, respectively.

For all curve -  fits applied to 60% EG property data (Eqs. 2, 8 and 11 above) and 

corresponding data for air (Eqs. 1, 7, and 10), R2>0.99. These correlations are applicable 

for 60% EG between 273K < T  < 370K, and for air between 173K < T < 333K.

5.3.2 Fluid Flow Parameters

Reynolds number on the air-side of the coil is computed using the following 

equation:

P=  8.4407(100p)-1 07304 (12b)

while for nanofluids comprised of CuO nanoparticles,

P = 9.881(100p)-09446 (12c)



Re _  = G D .
M
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(13)

Reynolds number on the glycol side of the heat exchanger is computed using the

equation:

Re = pVD
M

(14)

On the air-side the ‘j ’ factor is taken from Shah and Sekulic [4]:

j  4 = 0.14 • Re
-0.328

/  N - 0 .5 0 2 /  \  0.031
X,

v X  j vDo j
(15)

Equation (15) is for coils with four rows in the direction of air flow. For coils 

with one to three rows, another correction factor is computed and applied to this value:

Jn- = 0.991
j 4

2.24 • Re ( £
0 .6 0 7 (4 - N )

(16)

where N is the number of coil rows.

From equations (15) and (16), we can then compute the convective heat transfer 

coefficient using the following relations:

j  = j  4 jN
J 4

h air =  j G c p P r-

(17)

(18)

For computing the convective heat transfer coefficient on the liquid side when the 

base fluid is circulating, a correlation developed by Gnielinski [13] from an extensive 

database for turbulent internal flows is selected.

Nu = 0.012(Re087 -  280)Pr 0 .4
(19)

0.031



Gnielinski’s correlation is valid for 1.5 <Pr < 500 and 3x103 <Re < 106 and for 

liquids in a smooth, circular pipe, with fully developed flow.

For this study, Xuan and L i’s [3] Nusselt number correlation for nanofluids was 

adopted:
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experimental data on low concentration nanofluids < 2%)

The inside convective heat transfer coefficient is computed using the standard 

relation:

where Cc and Ch are heat capacities for the cold and hot fluid streams, respectively. Tc,o

and Tc,i are the inlet and outlet temperatures for the cold fluid stream. Th,o and Th,i are the

inlet and outlet temperatures for the hot fluid stream. Mass flow rates of the cold and hot

• •
fluid streams are denoted by m c , and m h , while specific heats of the coil and hot fluid

Nu/  = 0.0059(1.0 + 7.628^0 6886Pe 0001)Re°/9238 Pr;.0.4 (20)

This is the only correlation available for nanofluids thus far that has been developed from

(21)

The following equations are employed to compute the outlet temperatures:

(22)

Ch = m hCp,h (23)

(24)



streams are denoted by cp,c and cp,h, respectively. Heat exchanger effectiveness is 

denoted by the symbol e .

The thermal effectiveness of the heat exchanger is found using one of several 

published equations, depending on the configuration of the heat exchanger and the fluid 

properties. These correlations are taken from McQuiston et al. [14]. The appropriate 

correlation is selected based on the exact configuration of the coil. For purposes of 

determining heat transfer performance, fluid properties are evaluated at the bulk mean 

temperatures of the respective fluid streams.

5.3.3 Fluid Property Variations

When heating outside air at design temperatures of 233K (-40°F) or colder with 

entering liquid temperatures of 355K (180°F), there are significant temperature gradients 

within both fluid streams. Shah and Sekulic [4] describe a method of correcting the 

Nusselt number depending on the magnitude of the temperature gradient between the 

wall and bulk mean fluid temperature. The method is based upon the following relation:
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Nu
Nucp

{ Y 25
Mw

V Mm J
(25)

In Eq. (25), the subscript w represents value at the wall temperature, subscript m 

represents value at the bulk mean temperature and subscript cp represents the constant 

property value at the bulk mean temperature.

On the air-side of the heat exchanger, the difference between wall temperature 

and bulk mean temperature is insufficient to have a significant impact on thermophysical
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properties, and so a correction factor is not applied. On the liquid side of the heat 

exchanger, thermophysical properties are much more sensitive to temperature gradients. 

Therefore, the correction factors are applied to the Nusselt number calculations on the 

liquid side.

5.3.4 Fin Parameters

Fins are one of the critical elements of the heating coil, and generally represent 

the largest percentage of heat transfer area for coils in HVAC applications. The various 

geometric parameters that are used to compute fin efficiency for a continuous fin array on 

a rectangular tubing arrangement have been generated using the methods described by 

McQuiston et al. [14]. The following method of analysis is suitable for use with 

continuous fins on a rectangular tube array.

These fins are typically “thin” with a length dimension much greater than the 

section thickness. For a fin of this type, the characteristic value m, used to compute fin 

efficiency, is found using this equation

For this analysis, the fin material is aluminum (k=204 W/m*K); fin thickness (5) is

0.1651 mm.

The following expression for fin efficiency is employed

(26)

n = --------^mrO
tanh(mrO)

(27)

where O is defined by the expression



(  R ] (  ^o  = eq _ 1 1 + °.35 - In eq
I  r I  r J
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(28)

In Eq. (28) Req is the equivalent radius of the rectangular fin under consideration. For

this analysis the outside radius of the copper (k=398 W/m*K) tubing r is 12.52 mm. The

R
ratio —eL is computed using the following expression 

r

R
= 1.27 - w i f i - 0.3)°'5 . (29)

r

The functions w and are defined using the expressions

W= —  (30)
r

fi=  71  (31)M

where L 1 is the greater of one half of the transverse or longitudinal row pitch, and M is 

the lesser of the two. In this analysis M is 15.88 mm and L is 17.46 mm.

5.3.5 Overall Thermal Resistance and Heat Transfer Coefficient

In this part of the analysis the overall thermal resistance to heat transfer between 

the two fluid mediums due to various convective films and material interfaces is found. 

This series is comprised of the thermal resistance at the inside surface of the tubes 

(characterized by the convective heat transfer coefficient and area), resistance due to the 

tubing wall, and both conductive and convective resistances due to the fins. These terms 

are calculated using standard methods described by McQuiston et al. [14]. Since our 

objective is to compare the thermal performance of nanofluids with the base fluid in a



heating coil, the heat transfer resistance due to fouling or scaling is neglected as they will 

have similar impacts on a heating coil regardless of the fluid type used.

5.3.6 Coil Capacity Calculation

The method employed for computing coil capacity has been adapted from that 

described by Shah and Sekulic [4]. In general, the method involves computing outlet 

temperatures based on an initial guess of heat exchanger effectiveness, and iterating until 

the calculated capacity converges to a stable value. This model employs a number of 

assumptions that are also described in the same reference.
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5.3.7 Frictional Loss Calculation

The Darcy friction factor for the liquid flow is found using the following 

correlations from ASHRAE Fundamentals [5]:

8 r 1 +-
X2

vRe J (A + B f 5 _

where A = 2.457ln

vRe,
+

0.27s

v Di JJ

\16

(32)

and B = [ 3 ^  .

The frictional head loss for liquid flow in a pipe is then computed using the friction factor 

with the following relation presented in White [16]:

6

1
7
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f  L V 2 
A  2g

(33)

This is converted to pressure loss by using the following equation:

AP = pghF . (34)

The fluid pumping power required per unit length of pipe to overcome this frictional 

pressure loss is found using the following equation from White [16]:

• • APW  = m   .
P

(35)

Computing air - side pressure loss through the heating coil and the associated fan 

power is also accomplished using equations (34) and (35). The friction factor is 

correlated with a dimensionless parameter FP defined by the following equation

FP  = Re
f  A°25
( D

V Dh J
X  _ D  

_ 4(y _ S ) _

X
LDh

_ 1 (36)

where the hydraulic diameter is: Dh =

( A  ̂D —
V At J

h 1 _ D '1 + —a-----
s

The friction factor is then computed using a polynomial curve fit generated from a 

chart of empirical data taken from McQuiston et al. [14]. The data points used to 

generate the curve fit are taken from the central region of the scatter that McQuiston 

depicts. The equation of the fitted curve is

f  = 1.553(FP)2-°.°368(F P ) + °.°°515 (37)

where 8x1°-2<FP<26x1°-2 with R2>°.99 over this range.

_°.4



5.3.8 Validation of Heat Transfer Model and Methodology

Though the method of computing heating coil capacity is well established, it is 

important to validate the model by comparing predicted results with reference data to 

ensure that the model has been executed properly. Validation of this model is 

accomplished by comparing data generated by the model to performance rating data from 

Titus [15] using identical initial geometry, and inlet conditions for liquid and air.

Two studies were conducted. The first study examined a double row coil with a 

constant air velocity of 3.658 m/s (equivalent to 600 CFM) and liquid velocity ranging 

from 0.2132 to 1.990 m/s (corresponding to 1 to 7 GPM). The second study incorporated 

the same two row coil, but with constant liquid velocity and variable air velocity. Liquid 

velocity was held constant at 0.8528 m/s (3 GPM), with air velocity variable from 2.438 

to 4.876 m/s (400 CFM to 800 CFM). The coils studied have face dimensions of 0.305 m 

wide by 0.254 m high (12 in by 10 in). In order to facilitate a direct comparison with the 

manufacturer’s rating data, the model was tested using property data for water as the 

liquid heat transfer medium. Dimensions for the two row coil are shown in Figure 5.1.
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Figure 5.1. Finned heating coil configuration.

For these comparisons, the air inlet temperature used was 285.7K (55°F) and the 

entering water temperature used was 355K (180°F). The Reynolds number on the liquid 

side ranged from 9,599 to 76,789. On the air-side, Reynolds number ranged from 3,835 

to 7,670. Liquid and air velocities considered are in ranges that are realistic for HVAC 

applications.

The results of these analyses show that the model agrees well with the 

manufacturer’s product data. Figures 5.2 and 5.3 contain capacity curves generated by the 

model compared to the manufacturer product data.
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Average Liquid Velocity (m/s)

Figure 5.2. Actual capacity versus model predicted capacity for 2-row heating coil, with 

constant air velocity and variable liquid velocity.

In the case illustrated in Figure 5.2, the qualitative behavior of the model follows 

the manufacturer’s product data reasonably well over the range of liquid velocities 

considered. At the lower end of the liquid velocity range considered, the model projects 

heating capacity 12.1% lower than the product data from Titus [16]. At the high end of 

the range, the model projects heating capacity 15.5% higher than the product data. 

Average absolute error is 12.4% over the range of velocities studied.
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Average Air Velocity (m/s)

Figure 5.3. Actual capacity versus model predicted capacity for 2-row heating coil, with 

constant liquid velocity and variable air velocity.

In the case illustrated in Figure 5.3, the qualitative behavior of the model follows 

the manufacturer’s product data very closely over the range of air velocity considered. 

At the lower end of the air velocity range considered, the model projects heating capacity 

5.5% higher than the product data. At the high end of the air velocity range, the model 

projects heating capacity 3.2% higher than the model. Average absolute error is 4.3% 

over the range of velocities studied.

These validation runs demonstrate that the model generates output data that is 

suitable for computing heating coil capacity with reasonable accuracy.



5.4 Results and Discussions

As discussed previously, nanofluids typically exhibit higher thermal conductivity 

and viscosity than their base fluid. While thermal conductivity increases with 

nanoparticle concentration, viscosity increases more rapidly. In contrast, the specific heat 

of nanofluids decrease moderately with increasing volumetric concentration. The overall 

effect is that the Prandtl number increases with nanoparticle volumetric concentration. 

This contributes to Nusselt numbers increasing with nanoparticle volumetric 

concentration. Generally speaking, the Nusselt number for nanofluids is higher than the 

base fluid in pipe flow at equal Reynolds number. The increase in Nusselt number, in 

combination with the higher thermal conductivity has the effect of increasing the inside 

convective heat transfer coefficient for flow within a tube. This has the overall effect of 

improving heat transfer between the liquid and the air by lowering the overall thermal 

resistance between the two mediums. However, due to the higher viscosity of the 

nanofluid relative to the base fluid, this enhancement can come with a penalty in 

pumping energy consumed at equal average liquid velocity. These two competing factors 

must be weighed against each other to determine the utility of a particular nanofluid as a 

means of improving heating system performance.

5.4.1 Hydronic Heating Coil Performance

It is common in arctic environments (such as northern Alaska) to employ “high 

temperature” heating systems for HVAC applications, particularly in connection with air 

heating coils. The mean liquid temperatures of these heating systems are commonly 35°
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to 352K (17° to 175°F). During “heating design day” conditions, outside air 

temperatures drop to 233K (-4°°F). Heating system designs are sized for the design day 

to ensure comfort conditions are maintained at all times. Air handling systems are often 

configured with heating coils sized to impart a temperature rise of 6°-65K through one or 

more sets of coils.

For this study, the heating capacity for a heating coil of fixed geometry is 

modeled with CuO/6 °% EG and Al2O3/6 °% EG nanofluids and compared to heating 

capacity with 6 °% EG. The coil geometry modeled is identical to the two-row coil used 

in the model validation run. Inlet conditions are selected to match those seen in typical 

HVAC systems: entering liquid temperature is 383K (18°°F), and the entering air 

temperature is 233K (-4°°F).

5.4.2 Variable Fluid Velocity Heating Coil Performance

Figure 5.4 illustrates the predicted heating capacity of a heating coil with inlet 

conditions described above. The coil is modeled with CuO/6 °% EG of 1 and 2% 

volumetric concentration and the base fluid. Average air-side face velocity is held 

constant at 2.74 m/s, while the average liquid velocity is varied.

The model predicts higher heating capacity for the coil with the CuO/6 °% EG 

nanofluid than with the base fluid over the range of liquid velocities tested. Coil heating 

capacity appears to reach a maximum at a volumetric concentration of CuO nanoparticles 

of approximately 2%. At 4% concentration the capacity of the heating coil is
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approximately equivalent to that at 1% volumetric concentration over the range of liquid 

velocities considered. This characteristic is due to the relatively high viscosity of the CuO

Average liquid velocity (m/s)

Figure 5.4. Heating coil capacity with high temperature CuO nanofluid at constant air

velocity and variable liquid velocity. 

nanofluid. As concentration increases, the increasing viscosity leads to a reduction in 

Reynolds number, thereby countering the benefits of increasing conductivity on 

convective heat transfer. Mean Reynolds numbers for the 2% CuO/60% EG nanofluid 

ranges from 3,846 at 0.43 m/s average liquid velocity to 25,514 at 2.56 m/s average 

liquid velocity. The coil heating capacity enhancement is greatest at the lower velocities. 

The capacity of the 60% EG - filled heating coil approaches that of the nanofluid - filled 

coil as average fluid velocity approaches 2.0 m/s. At an average fluid velocity of 0.43 

m/s, the boost in heating coil capacity is 12.8% with the 2% CuO/60% EG nanofluid as
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compared to the same coil with the base fluid. The improvement in capacity diminishes 

to 1.5% as average fluid velocity reaches 2.56 m/s. As the average fluid velocity 

increases, the relative importance of the inside convective heat transfer coefficient in the 

overall resistance to heat transfer decreases since as the air-side convective heat transfer 

coefficient remains nearly constant with increasing liquid velocity and eventually 

dominates over the resistance to heat transfer on the inside of the tube.

Figure 5.5. Heating coil capacity with the Al2O3 nanofluid at constant air velocity and

variable liquid velocity.

As with the CuO/60% EG nanofluid, coil heating capacity with the Al2O3/60% 

EG increases relative to the capacity with 60% EG for identical inlet conditions. Figure

5.5 illustrates the increased coil heating capacity with nanofluid concentrations up to 4%.



The data show that as the volumetric concentration of the Al2O3/60% EG nanofluid 

increases, heating capacity increases proportionally. Reynolds number for the 4% 

Al2O3/60% EG nanofluid ranged from 3,391 to 22,618 over the range of average liquid 

velocities modeled. As seen with the CuO/60% EG nanofluid, coil heating capacity 

enhancement with the Al2O3/60% EG nanofluid is greatest at lower average liquid 

velocities. As liquid velocity increases, the heating capacity of the heating coil with the 

nanofluids approaches that with the base fluid, although not to the extent that exhibited 

by the heating coil with the CuO/60% EG nanofluid for equal inlet conditions. At an 

average fluid velocity of 0.43 m/s, the boost in heating coil capacity is 15.9% with the 

4% Al2O3/60% EG nanofluid compared to coil heating capacity with the base fluid. As 

fluid velocity reaches 2.56 m/s, the difference in heating capacity is only 2.0%.

The convergence of the coil heating capacities as liquid flow increases is 

functionally important. As shown above, the benefits of nanofluids are realized primarily 

at lower flow velocities. This is significant, because heating systems in Arctic 

environments may operate up to six months a year, though the systems operate at peak 

heating load infrequently. Therefore, the performance benefits of nanofluids may 

accumulate over the majority of their period of use.

The increased heat output of a heating coil with nanofluids for given entering 

conditions can have the effect of decreasing the leaving liquid temperature. In a hydronic 

system with a fuel fired boiler as a heat source, maintaining liquid return temperatures 

within reasonable limits is important to protect the boilers from thermal shock and 

condensation in the stack gases. To quantify the impact of nanofluids on liquid leaving
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temperature, a coil was modeled with entering air temperature of 233K (-40°F), entering 

fluid temperature of 355.2K (180°F), fluid velocity 0.85 m/s (3 GPM), air face velocity of 

2.74 m/s (450 CFM), and fin density of 394 fins/m (10 fins/in). With 4% Al2O3/60% 

EG, the leaving liquid temperature is 335.3K (144.1°F) and with 4% CuO/60% EG it is 

335.4k (144.3°F). This compares to a leaving liquid temperature of 336.1K (145.6°F) for 

the coil with the base fluid under identical conditions. The leaving liquid temperature of 

the nanofluids computed using the model do not deviate from those of the base fluid 

significantly and so should not contribute to fuel fired boiler damage under normal 

operating parameters.
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5.4.3 Heat Exchanger Performance Comparison

5.4.3.1 Liquid Frictional Pressure Loss Comparison

Heating Coil Capacity (kW)

Figure 5.6. Heating coil capacity versus liquid friction loss (on a unit length basis) for a

coil with nanofluids and 60% EG.

Figure 5.6 illustrates the relationship between heating coil capacity and liquid 

frictional pressure loss for the heating coil with 60% EG, 4% Al2O3/60% EG nanofluid, 

and 2% CuO/60% EG. The graph is created by plotting calculated frictional pressure loss 

against calculated heating coil capacity. Presenting the performance data in this way 

illustrates that in a given heating coil, the 4% Al2O3/60% EG and the 2% CuO/60% EG 

nanofluids have slightly lower liquid frictional pressure loss per unit length of pipe than 

60% EG at a given heating coil capacity. With 4% Al2O3/60% EG nanofluid, the



frictional pressure loss averages 4.3% less than that required for the coil with the base 

fluid at an equivalent heating output over a range of 10 to 16 kW. For the heating coil 

with 2% CuO/60% EG, over the same range of the heating capacities, the frictional 

pressure loss is 2.2% less than that of the coil with the base fluid.

5.4.3.2 Liquid Pumping Power Comparison
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Heating Capacity (kW)

Figure 5.7. Liquid pumping power required for a given heating coil capacity (on a unit 

length basis) for a coil with nanofluids and 60% EG.

Figure 5.7 depicts a chart of the liquid pumping power required to overcome the 

frictional pressure drop on the tube side of the coil with nanofluids and the base fluid. For 

a given coil heating capacity, the coil with both the 4% Al2O3/60% EG and the 2% 

CuO/60% EG nanofluids require less pumping power than a coil with the base fluid.



With 4% Al2O3/60% EG nanofluid, the pumping power averages 16.8% less than that 

required for the coil with the base fluid at an equivalent heating output over a range of 10 

to 16 kW. For the heating coil with 2% CuO/60% EG, considering the same heating 

output range, 11.0% less pumping power is required than for the base fluid.

5.4.3.3 Heat Transfer Area Comparison

Figure 5.8 illustrates the heat transfer surface area necessary for a given heat 

transfer capacity for a heating coil with 4% Al2O3/60% EG and the base fluid. This 

graph is generated by varying air-side fin density, thereby changing the total heat transfer 

surface area of the coil. The coil heating capacity is computed by varying fin pitch from 

2.12 mm to 3.63 mm (equivalent to fin densities of 7 to 12 fins per inch). The axes are 

then inverted (the total heat transfer area is actually the independent variable) in order to 

more clearly show the effect of the nanofluid on the relationship between heat transfer 

area and heating output.
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Heating Capacity (kW)

Figure 5.8. Comparison of total heat transfer area required for the heating coil for given

heating capacities and different fluids 

For these runs, the average air velocity is 2.74 m/s (equivalent to 540 CFM), and 

the average liquid velocity is 1.14 m/s (equivalent to 4 GPM). Fluid temperatures, coil 

and fin dimensions are unchanged from before. The graph shows that over the range of 

heating capacities examined, for a given heating coil capacity, less total heat transfer 

surface area is required for a coil employing a nanofluid heat transfer medium than the 

base fluid, assuming identical inlet conditions and coil geometry. The heating coil with 

4% Al2O3/60% EG nanofluid requires 6.4% to 10.0% less total heat transfer area, at 

heating capacities of 12.5 and 15.0 kW respectively. This is significant because, 

depending on the design conditions used in a coil selection, as heat transfer area is 

decreased by reducing coil fin density, air pressure loss (and consequently fan power) in



the air system may be reduced. Over a range of 12.5 to 15.0 kW heating coil capacity, 

the coil with 4% Al2O3/60% EG exhibits an average of 10.6% less air-side pressure drop 

than the same coil with the base fluid and equivalent capacity. Operationally this is 

significant, as many air handling systems are configured such that the heating coils are 

contained within the air handling equipment, and the air pressure drop associated with the 

coil occurs whenever the air handler is operating. So, in this case, a reduction in fan 

power is realized during year around operations.

5.5 Conclusions

A model was used to compare heating coil performance with 60% ethylene glycol 

(the nanofluid base fluid) and CuO/60% EG and Al2O3/60% EG nanofluid. Inlet 

conditions were typical of those found in commercial heating systems in Northern 

Alaska. The model predicts that heating coil capacity with Al2O3/60% EG nanofluid is 

superior compared to that of the heating capacity with CuO/60% EG nanofluid, and of 

the base fluid. Heating coil capacities with the CuO/60% EG and Al2O3/60% EG 

nanofluids are superior to that of the coil with base fluid at all concentrations examined. 

For both nanofluids, heating coil capacity increases with nanoparticle volumetric 

concentration, though for CuO/60% EG performance appears to reach a maximum at 

approximately 2% volumetric concentration.

Coil heating capacity was tested over a range of air and liquid velocities that are 

typical of those seen in comfort heating systems. Generally, as average liquid velocity 

increases (for constant air velocity), heating coil capacity with the CuO/60% EG
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nanofluid, the Al2O3/60% EG nanofluid and the base fluid converge and exhibit nearly 

identical slopes with increasing average velocities (and Reynolds number). In regimes of 

lower average liquid velocities (and Reynolds number), the deviation between the 

nanofluids and the base fluid is greater, and the benefits of the nanofluids are more 

apparent. The model predicts that 4% Al2O3/60% EG nanofluid yields a coil capacity 

that is 15.9% greater than with the base fluid considering equal inlet conditions and an 

average liquid velocity of 0.43 m/s. The 2% CuO/60% EG nanofluid yields a coil 

capacity that is 12.8% greater than with the base fluid at the same inlet condition. 

Generally, this demonstrates that the biggest benefit of nanofluids to heating coil 

performance is realized in “off-design” conditions or in partial load situations, where the 

coil is operating at less than rated capacity. Practically speaking, this is significant, 

because a typical heating system operates at full capacity for a small fraction of a typical 

year.

When compared on an equivalent heating capacity basis, the use of nanofluids 

may result in a reduction of either pumping power or fan power associated with a 

reduction in average flow velocity or heat transfer area required to facilitate the heat 

transfer for equal inlet conditions. For 4% Al2O3/60% EG nanofluid, and for heating coil 

capacities ranging from 10 and 16 kW the liquid pumping power to overcome the 

frictional pressure drop on the tube side of the coil averages 16.8% less than that required 

for the coil with the base fluid at equal heating output. For the 2% CuO/60% EG 

nanofluid, pumping power averages 11.0% less over the same range of heating capacities. 

The improved heat transfer properties of these nanofluids may also be exploited for a
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benefit by decreasing the required heat transfer surface area for a given heating coil 

capacity. For the 4% Al2O3/60% EG nanofluid, considering heating coil capacities 

ranging from 12.5 and 15 kW, the required heat transfer surface area for the coil with the 

nanofluid ranges from 6.4% and 10.0% less than that for the base fluid.

The model predicts that the heat transfer performance of the CuO/60% EG and 

Al2O3/60% EG nanofluids is superior to that of their corresponding base fluid in hydronic 

heating coil applications. The benefit of the nanofluids’ enhanced thermal conductivity 

overcomes the detrimental effects associated with higher viscosity to yield superior 

overall heat transfer performance.
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5.6 Nomenclature

A Total air-side heat transfer area (m2)

A t Air-side surface area of tubes (m2)

a Tubing inside radius (m)

cp Specific heat (J/kg-K)

CFM Cubic feet per minute

dp Particle diameter (m)

D  Tubing outside diameter (m)

5  Fin thickness (m)

e Heat exchanger effectiveness

f  Darcy friction factor

G Mass velocity (kg/m2-s)

GPM Gallons per minute

g  Gravitational acceleration (m/s2)

h Convective heat transfer coefficient (W/m2-K)

H c Height of coil face (m)

hF Frictional head loss (meters of fluid gage)

j  Fin heat transfer parameter

k  Thermal conductivity (W/m-K)

L  Length (m)

M Characteristic coil dimension (m)
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m Characteristic fin parameter

•
m Mass flow rate (kg/s)

Nu Nusselt number (hD/k)

AP Pressure drop (Pa)

Ped Particle Peclet number (vdp /a nf )

Pr Prandtl number (cp ) k )

r Outside radius of tubing (m)

R eq Equivalent radius (m)

Re Reynolds number (pVD /u')

s Clear space, fin to fin (m)

T Temperature (K)

Xa Longitudinal row pitch (m)

Xb Transverse row pitch (m)

W Pumping power (W)

Wc Width of coil face (m)

5.7 Greek Symbols

a  Thermal diffusivity (k/pcp)

s  Pipe roughness (m)

k  Boltzmann constant (1.3806503 x 10"23 m2 kg/s2 K)

U Dynamic viscosity (mPa-s)
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r] Fin efficiency

(f> Volumetric concentration

0  Characteristic fin geometric parameter

p  Density (kg/m3)

5.8 Subscripts

1 Inside

b f  Base fluid

n f  Nanofluid

5  Nanoparticle
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CHAPTER 6

CONCLUSIONS

The following conclusions are drawn from the preceding chapters.

The CuO/60% EG nanofluid’s thermophysical and heat transfer properties were 

comprehensively evaluated and compared to those of 60% EG using previously 

established analytical correlations. The analyses demonstrate that the CuO/60% EG 

nanofluid has superior heat transfer properties that may contribute to improved 

performance in building heating systems compared to the base fluid. Nusselt numbers for 

the nanofluid are enhanced up to 117% for the nanofluid compared to those of the base 

fluid when compared on a constant Reynolds number basis. When compared on a 

constant liquid velocity basis, the increases are smaller -  up to 14%. Frictional pressure 

losses and associated pumping power are increased significantly for the CuO/60% EG 

nanofluid compared to the base fluid under conditions of equal Reynolds number and 

velocity. When compared on a constant liquid velocity basis, the 2% CuO/60% EG 

nanofluid requires approximately 19% more pumping power. When these factors are 

weighed against each other, the 2% CuO/60% EG nanofluid requires 50% less pumping 

power to achieve a given heat transfer coefficient at 360K. Considering that the 

volumetric heat capacity for these nanofluids are comparable to those of the base fluid, 

this demonstrates that the CuO/60% EG nanofluid has good potential for successful 

application in building heating applications.



Computational models were developed to compare the performance of finned tube 

baseboard heaters and hydronic heating coils circulated with CuO/60% EG and 

Al2O3/60% EG nanofluids to performance with the base fluid. Entering fluid and air 

conditions were typical of those found in commercial heating systems in subarctic and 

arctic regions.

The model predicts that finned tube heating output with Al2O3/60% EG nanofluid 

is superior to that with CuO/60% EG nanofluid, and that of the base fluid. Finned tube 

heating capacities with the CuO/60% EG and Al2O3/60% EG nanofluid are superior to 

that with the base fluid at all concentrations examined, and increase with nanoparticle 

volumetric concentration.

Finned tube heating capacity was modeled over a range of liquid velocities that 

are typical of those used in these types of heating units. As average liquid velocity 

increases, heating capacity with the CuO/60% EG, the Al2O3/60% EG and the base fluid 

increase steadily. In regimes of lower average liquid velocities (and Reynolds number), 

the deviation between the nanofluids and the base fluid is greater, and the benefits of the 

nanofluids are more apparent. The model predicts that 4% Al2O3/60% EG nanofluid 

yields a heating output that is 11.6% greater than that with the base fluid at 0.305 m/s. 

The 4% CuO/60% EG nanofluid yields a finned tube heating output that is 8.7% greater 

than that with the base fluid with the same entering conditions.

When compared on the basis of equivalent heating output, the use of these types 

of nanofluids results in a reduction of pumping power owing to the fact that lower 

average liquid velocity is required for equal heat output at equal entering conditions. For
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4% Al2O3/60% EG nanofluid, at a heating output of 1,000 W/m, the liquid pumping 

power to overcome the frictional pressure loss is reduced by approximately 61% 

compared to that required with the base fluid at the same heating output. For the 

CuO/60% EG nanofluid, the nanofluid with 1% volumetric concentration has the lowest 

pumping power requirement of the concentrations modeled. For 1,000 W/m heating 

output, pumping power required for the 1% CuO/60% EG, is 41% lower than that 

required for the finned tube with the base fluid.

The improved heat transfer performance of these nanofluids may also be 

exploited to reduce the amount of finned area necessary for a given rate of heat transfer at 

equal flow velocity. When compared at equal heating outputs, a finned tube with 4% 

Al2O3/60% EG requires fin density up to 14.5% lower than that for a finned tube with 

base fluid. Finned length required for a given thermal output may also be reduced in 

proportion to the increased output for a given finned tube configuration.

The model of the hydronic air heating coil indicates that heating coil output with 

Al2O3/60% EG nanofluid is superior to that with CuO/60% EG nanofluid, and that of the 

base fluid. Heating coil capacities with the CuO/60% EG and Al2O3/60% EG nanofluids 

are superior to that of the coil with base fluid at all concentrations examined (up to 4%). 

For both nanofluids, heating coil capacity increases with nanoparticle volumetric 

concentration, though for CuO/60% EG the performance appears to reach a maximum at 

approximately 2% volumetric concentration.

Coil heating capacity was studied over a range of air and liquid velocities that are 

typical of those seen in comfort heating systems. The model predicts that 4% Al2O3/60%
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EG nanofluid yields a coil heating output that is 15.9% greater than that with the base 

fluid considering equal inlet conditions and an average liquid velocity of 0.43 m/s. The 

2% CuO/60% EG nanofluid yields a coil heating output that is 12.8% greater than with 

the base fluid at the same inlet condition. The biggest benefits of nanofluids are realized 

in “off-design” conditions or in partial load situations, where the coil is operating at less 

than rated capacity. Practically speaking, this is significant, because a typical heating 

system operates at full capacity for a small fraction of a typical year.

When compared on an equivalent heating capacity basis, the use of nanofluids 

may result in a reduction of either pumping power or fan power associated with a 

reduction in average flow velocity or heat transfer area required to facilitate the heat 

transfer for equal inlet conditions. For 4% Al2O3/60% EG nanofluid, and for heating coil 

outputs ranging from 10 to 16 kW the liquid pumping power to overcome the frictional 

pressure drop on the tube side of the coil is reduced by 16.8% compared to the coil with 

the base fluid at equal heating output. For the 2% CuO/60% EG nanofluid, pumping 

power averages 11.0% less over the same range of heating outputs. The improved heat 

transfer properties of these nanofluids may also be exploited for a benefit by decreasing 

the required heat transfer surface area for a given heating coil output. For the 4% 

Al2O3/60% EG nanofluid, considering heating coil outputs ranging from 12.5 and 15 kW, 

the required heat transfer surface area for the coil with the nanofluid ranges from 6.4% 

and 10.0% lower than that for the base fluid.

The heat transfer performance of the Al2O3/60% EG and the CuO/60% EG 

nanofluids is superior to that of their corresponding base fluid in the applications

143



examined. These enhanced properties may be exploited to realize a reduction in pumping 

power, or reduction in the size of heating equipment required to accomplish a given 

amount of heat transfer.

A detailed examination of the cost effectiveness of nanofluids is beyond the scope 

of this study. However, current market prices for CuO and Al2O3.nanoparticles are 

approximately $ 1,000/kg and $916/kg respectively. Based on the density of these 

substances, and a 2% volumetric concentration, the cost for the nanoparticles is $478 per 

gallon of heating fluid for CuO and $269 per gallon for Al2O3. Clearly, the use of 

nanoparticles in a heating system on the scale of a commercial or residential facility with 

a liquid volume on the order of 20 gallons (for a typical residential system) up to several 

hundred gallons (for an institutional facility) will result in a significant cost impact.
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