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thermal boundary layer at the entrance of the tube due to 
NPs.

List of symbols

Latin symbols
Cp	� Specific heat capacity, kJ/(kg K)
D	� Diameter of tube/pipe, m
h	� Average heat transfer coefficient, W/(m2 K)
cp,nf	� Heat capacity of nanofluid, W/(m2 K)
cp,bf	� Heat capacity of water which is a basic fluid, W/

(m2 K)
cp,p	� Heat capacity of nano sized particles, W/(m2 K)
ρbf	� Density of basic fluid (DIW), kg/m3

ρp	� Density of nanoparticles, kg/m3

ρnf	� Nanofluid density, kg/m3

hx	� Local heat transfer coefficient, W/(m2 K)
k	� Thermal conductivity, W/(m K)
L	� Length of pipe, m
m˚	� Mass flow rate through test rig, kg/s
Nu	� Nusselt number
p	� Pressure, Pa
P	� Electric supply, W
Pr	� Prandtl # of nanofluid
q″	� Heat flux density from pipe to fluid, W/m2

Re	� Reynolds #
Tin	� Inlet fluid temperature, °C
Tout	� Outlet fluid temperature, °C
v	� Nanofluid velocity, m/s
Q	� Volume flow rate, m3/s
X	� Length of the tube from inlet to test section

Greek symbols
Δ	� Difference
μ	� Viscosity, kg/(m s)

Abstract   The present research is about to draw a compar-
ison between heat transfer characteristics of gold/deionized 
water (DIW) and silver/DIW based nanofluid under same 
heat flux for laminar flow. Experiments are performed on 
both nanofluid by using different concentrations (0.015, 
0.045, 0.0667%) of nano-particles (NPs) in DIW as a base 
fluid. The experimental study concludes that an appreci-
able intensification in heat transfer coefficient (HTC) of 
both nanofluid has been attained as compare to base fluid. 
However, gold/DIW based nanofluid exhibit better convec-
tive heat transfer intensification compared with silver/DIW 
based nanofluid but Shah correlation cannot predict as 
much augmentation as in experimental work for both nano-
fluid. It is also noticed that the anomalous enhancement in 
Nusselt number and HTC is not only due to the accession 
in thermal properties but also by the formation of thinner 
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ρ	� Density, kg/m3

Φ	� Volume fraction of nanoparticles, %

Abbreviations
DIW	� Deionized water
NPs	� Nanoparticles
HTC	� Heat transfer coefficient
nf	� Nano fluid
AN	� Argon national labortary

1  Introduction

Innovative methods are required to decrease the effect of 
global warming on our planet. The bad effect of Green-
house gases on our environment is the main cause of global 
warming by using inefficient thermal fluid heat transfer 
systems in many industries. Energy consumption can be 
reduced by boosting the efficiency of thermal fluid systems.

In earlier, a colloidal mixture, which was formed by 
micro sized particle with base fluid, was used for the 
intensification of convective HTC and thermal conductiv-
ity of fluids by Maxwell [1]. The increased size of parti-
cles caused sedimentation and higher pressure drop when 
a fluid was passed through any closed channel path. Due 
to this effect, this technology cannot be used practically on 
industrial scale. Instead of using micro sized particles, a 
very small amount of nps mixed in a base fluid can impres-
sively enhance the physical properties of the base fluid 
which are affected by temperature. Nanofluids, made of 
nano sized particles (100 nm) suspended in any base fluid 
to form a colloidal mixture, is first used by Choi in 1995 at 
the AN laboratory [2].

The conventional method to intensify the HT is by 
enhancing the flow rate of fluid that results in more pump-
ing power and higher pressure drop which is undesirable. 
So to overcome such type of problems, nano-fluids are 
used. The second most common approach which is used 
for increasing HT rate is the use of extended surfaces like 
fins. But these conventional approaches for improving heat 
transfer rate cannot meet the present requirements due to 
lesser thermos-physical properties. Due to these reasons, 
it is necessary to build a system for producing highly 
improved techniques and more efficient heat transfer fluids 
for cooling and heating purpose. Recent researches on these 
nanoparticles in base fluids find a solution of such type of 
problems. The basic idea of using the solid particles is due 
to their high thermal conductivities which can be hundred 
times greater than some base fluids. Enhancement in physi-
cal properties by micro sized particles was not exhibited 
as nano sized particles on molecular level because the size 

of nano particle is very close to the size of atoms or mol-
ecules so the settling due to gravitational force is negligible 
for nano sized particles. That’s why these particles are sus-
pended easily in conventional fluids [3].

Improvement in heat transfer techniques was also stud-
ied by Ahuja [4, 5] who did experiments by using micro 
sized particles of polystyrene suspension in water under 
laminar flow. Remarkable intensification was seen in Nus-
selt number as compared to base fluid. Keblinski et al. [6] 
and Eastman et al. [7] proposed four reasons for the excep-
tional behavior of thermal conductivity of NF, 1—haphaz-
ard movement of nanoparticles, 2—formation of layers of 
molecules of liquid phase at the interaction between nano 
particle and liquid, 3—heat transport phenomena, 4—effect 
of nanoparticles agglomeration.

Xaun and Roetzel [8], Xuan et al. [9], Buongiorno [10, 
11], Ding and Wen [12], Roy et al. [13], Maiga et al. [14], 
Kim et al. [15], Mansour et al. [16], Palm et al. [17], did 
theoretical analysis on convective heat transfer processes 
by considering a single phase fluid approach. Most of 
them described the enhancement in heat transfer properties 
dramatically by decreasing the particle size. They investi-
gated the improvement was not only by the accession in 
thermal conductivity but also due to the two necessary 
slip mechanism, thermophoresis and Brownian diffusion. 
From many years, researchers and engineers have been 
tried to mitigate the problems of heat loses by enhancing 
convective heat transfer characteristics. In forced convec-
tive heat transfer field, Choi and Lee conducted the experi-
ments on unspecified nanofluid in parallel channel and 
concluded the thermal resistance decreased by factor 2 as 
compared to base liquid [18]. Heris et  al. [19] did com-
parison between Al2O3/DIW and CuO/DIW based NFs 
by studying their convective heat transfer characteristics 
through experiments. He concluded, the enhancement in 
overall HTC was due to increasing peclet # and fraction 
of NPs while the enhancement was more prominent for 
Al2O3/water nanofluid. Yang et  al. [20] did experiments 
on graphite nanofluid with disc like shape of nanoparti-
cles. They observed the unexpected intensification in HTC 
that is very lower as the increment in thermal conductivity 
itself. From this experimental data we can conclude that 
the aspect ratio of solid particles is a great factor to change 
the thermo physical properties of NFs. Literature survey 
shows many researches related copper [21], alumina [22], 
tin [23], carbon nano tubes [24], iron [25] and their oxides 
nanofluids with different base fluid are published but few 
reports are published on gold and silver based nanofluid. 
Therefore, this paper is about the comparative study of 
HT characteristics of gold/DIW and silver/DIW based 
nanofluid.
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2 � Materials and methods

2.1 � Sample preparation

For comparative investigation of heat transfer properties of gold 
and silver nanofluid, three samples of different concentration 
of each nanofluid are prepared. Concentrations of the both flu-
ids are same for comparison. For the testing purpose, first pure 
deionized water is run through the setup then the results are 
compared with the Shah correlation under same heat flux condi-
tion in laminar flow. Sample preparation of NF is not very easy 
because it’s not a just simple mixing of solid and liquid phases. 
To attain good and accurate results, proper agitation and homog-
enized mixture is required. Nanofluid samples were prepared 
by laser ablation method by suspending vol% (0.015, 0.045, 
0.0667%) concentration of nanoparticles of silver and gold in 
DIW (deionized water) individually. To ensure proper agitation 
and mixing of nanoparticles, ultrasonic agitator was used.

3 � Experimental procedure and setup

An experimental setup for investigation of convective HTC 
consists of a straight annular circular stainless steel tube, 
two magnetic pump, seven thermocouples of K type which 
are soldered on the tube, DC power supply (E.S. Roland 
PSN 310EC accuracy ±2%), cooling section, a storage 
tank with agitator, flow meter (rotameter, accuracy ±2% to 
±10%) for measuring the flow rate of nanofluid, and HP 
data logger (USB TC-08 PICO, UK, ±0.2% and ±0.5 °C) 
which is connected with the computer as in Fig. 1. 

The test section consists of stainless steel tube of length 
L = 580 mm, inner diameter Di = 2.27 mm and thickness of 
the tube is δ = 2 mm. The tube is well insulated to avoid heat 
loses. Temperature of heat transfer fluid at different location 
on the tube is measured by K type thermocouples. These K 
type thermocouples are attached to data logger and the read-
ings are recorded by computer. Both ends temperature of 
the processing nanofluid is measured by two thermocouples 
which are fixed at the entrance and end position of the tube 
for temperature measurement of bulk fluid and the remain-
ing thermocouples measure the wall temperature of the tube 
under constant heat flux conditions. Two gauges for pressure 
measurement are fixed at the end points of tube to measure 
the pressure drop. Two magnetic pumps are installed in this 
setup, one is used for pumping the nanofluid through the test 
section and the second one is used for pumping the cooling 
media through heat exchanger which is water.

Nanofluids of silver and gold nanoparticles of different 
concentrations are passed through this setup. Electric power 
supply is provided to heatup the heat transfer fluid through 
the test section and the temperatures are recorded from each 
thermocouple through data logger. Test samples of different 
concentration were passing through this setup at different 
flow rate (20 mL, 30 mL, 40 mL) and readings were recorded.

4 � Data modeling

Before modeling the experimental data, all the physical 
properties data of the NFs should be collected. Some of the 
empirical correlations are used to calculate these properties. 

Fig. 1   Experimental system
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The Bachelor’s model [26] equation used for calculating 
the viscosity of nanofluid of gold and silver,

Under different concentrations, viscosity of each nano-
fluid is calculated by using this correlation.

Effective thermal conductivity is calculated by classical 
Hamilton Crosser model [27] of nanofluid which is shown 
here:

The value of n is 3 for spherical shape nanoparticles.
Specific heat and density is calculated by mixture rule of 

different volume fraction using these expressions [28].

Density is calculated with the same rule by using the fol-
lowing relation:

The convective local HTC is calculated by Newton’s 
law of cooling for cooling heat transfer of nanofluids is as 
under:

where, hnf  (W/m2K) is the local HTC of nanofluid at axial 
position of test section, Ti,w(x) is the temperature of inner 
wall of test section tube, Tmb(x) is the mean temperature 
of bulk fluid, q

◦

 is the heat flux which is calculated by this 
heat equation,

It’s a heat flux that’s why it is divided by the area 
of the tube where, q

◦

  =  heat flux (W/m2), m
◦

(mass 
flow rate, kg/s)  = µρAC, cp  =  heat capacity of fluid, 
Di = inner diameter of the test section tube, L = length 
of tube.

Inner wall temperature could not be measured by direct 
method so it is calculated in cylindrical coordinates by heat 
conduction equation,

where, To,w(x) = outer wall temperature which is measured 
by thermocouples, q =  power supply to test section (W), 
D◦ = outer diameter of tube, ks =  thermal conductivity of 

(1)µnf = µbf

(

1+ 2.5∅ + 6.2∅2
)

(2)knf =

[

kp + (n− 1)kbf − (n− 1)∅
(

kbf − kp
)

kp + (n− 1)kbf + ∅
(

kbf − kp
)

]

(3)Cp,nf = (1− ∅)Cp,bf + (∅)Cp,p

(4)ρnf = ∅ρp + (1− ∅)ρbf

(5)hnf =
q
◦

Ti,w(x)− Tmb(x)

(6)q
◦

=
m

◦

cp(Tout − Tin)

πDiL

(7)Ti,w(x) = To,w(x)−
q[2D2

◦ ln(D◦/Di)−
(

D2
◦ − D2

i

)

]

4π(D2
◦ − D2

i )ksx

stainless steel, x =  longitudinal location of required test 
section from the inlet of the tube.

The mean temperature of the NF is determined on any 
section of tube by applying energy balance on control vol-
ume of length of tube dx. According to energy balance on 
control volume, the equation will be

where dTmb is the mean T of the bulk fluid and P is the 
perimeter of the tube, P = πDi.

The variations in mean T with respect to the length x of 
the tube is calculated by integrating with limits from 0 to x, 
then the resultant equation will be,

To obtain convective HTC, the values of Tmb(x) and 
Ti,w(x) are substituted in Eq. (5).

By putting the values of heat flux, temperature of bulk fluid 
at the entrance of tube and the outer wall temperature, the 
HTC can be determined by the above equation. To find Nus-
selt number, this expression is used after calculating the HTC.

where knf  is calculated by classical Hamilton–Crosser model. 
After calculating the experimental Nusselt number, the results 
are compared with the well-known Shah correlation for lami-
nar flow under constant heat flux conditions.

Reynold number and Prandtl number are calculated in 
uniform cross sectional area for incompressible and steady 
flow of fluid by theses relations,

5 � Results and discussions

To make a baseline for comparison of convective HT char-
acteristics of NFs, first the tests are taken on DIW to check 

(8)dqconv = q
◦

Pdx = m
◦

CpdTmb

(9)Tmb(x) =
(Tout − Tin)x

L
+ Tin

(10)

hnf =
q
◦

{

To,w(x)−
q[2D2

◦ ln(D◦ /Di)−
(

D2
◦−D2

i

)

]

4π(D2
◦−D2

i )ksx

}

−

{

(Tout−Tin)x
L

+ Tin
}

(11)Nu =
hnf Di

knf

(12)Nu = 1.953

(

RePr
D

x

)1/3

for

(

RePr
D

x

)

≥ 33.3

(13)Re =
4m

◦

πDiµnf

(14)Pr =
cpnfµnf

knf
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the authenticity of experimental results. Experimental read-
ings for DIW are compared with Shah correlation under 
constant heat flux and laminar flow in Fig. 2, there is better 
approximation between the experimental data and predicted 
results from Shah correlation, which shows the accuracy of 
the results. The calculated results from Shah correlation are 
little bit more than the experimental results. This discrep-
ancy is due to the flow channel because Shah correlation 
is used for large channels and in this research work it is 
used for smaller diameter tube. The reason of this problem 
was also discussed by Wen and Ding [29]. This type of over 
prediction was also reported by Mursheed et al. [30], when 
he used a 4 mm diameter tube during his research work.

Experimental tests were performed on both nanofluids 
Gold/DIW and Silver/DIW at concentrations (0.015, 0.045, 
0.0667  vol%). The range of Reynold number is between 
(150 and 600) and all the experiments are done under con-
stant heat flux condition. Figure 3 is a plot of Nusselt num-
ber with different concentrations of both silver/DIW and 
gold/DIW based nanofluids at axial distance x/D =  8.81. 
Reynold number changes for each test fluid at different 
temperature due to change in physical properties but these 
changes are not significant that’s why the selected value 
200 is in the range of ±50. The graph shows significant 
increase in Nusselt number with increasing concentration 
of nanoparticles for both nanofluids but this improvement 
is more prominent for gold/DIW nanofluid as compare to 
silver/DIW nanofluid. For example, the percent increase in 
Nusselt number as compare to base fluid is 8.5% for gold/
DIW based nanofluid and 4.3% increase for silver/DIW 

based nanofluid at 0.015% concentration by volume. At 
higher concentrations, the percent increase in Nusselt num-
ber is more significant which can be seen from graph.

Figure 4 is a graphical representation of convective HTC 
“hx” versus axial distance from the inlet section of tube at 
each concentration of both fluids. This axial profile shows 
that increase in convective HTC is more prominent at the 
starting end of the tube for both nanofluid by increasing NP 
fraction but the intensification is more prominent for gold/
DIW based nanofluid as compare to silver/DIW nanofluid 
at same volume fraction of nanoparticles. At nano particle 
concentration 0.045 and 0.0667% by volume, the enhance-
ment in convective HTC is 19 and 29% respectively for 
gold nanofluid but in case of silver/DIW based nanofluid, 
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the enhancement is 12 and 20% respectively at x/D = 8.81 
and Reynold number 400 ± 50.

Enhancement is more prominent at the starting point of 
the tube due to the formation of thermal boundary layer by 
adding NPs. Heat transfer coefficient is basically the ratio 
(k/δ) of thermal conductivity and the thickness of bound-
ary layer [29]. The two factors, enhancement in thermal 
conductivity or reduction in the compactness of thermal 
boundary layer are responsible for the improvement in 
heat transfer characteristics at the inlet section. That’s why 
at the entering end of the tube the thermal boundary layer 
is thinner that results in increase the HTC. Another reason 
for increased HT coefficient can be the exchange of energy 
within the fluid because of the random motion of particles. 
Godson et al. [31] discused the heat transfer characteristics 
of silver NF in his research work. They found 12.4% aug-
mentation in local convective HT coefficient at particle vol-
ume concentration 0.04% in turbulent flow.

Figure  5 exhibits the response of Nusselt number by 
changing average velocity of both nanofluid at dimension-
less distance x/D =  8.81. This plotted experimental data 
shows the enhancement in Nusselt number with increasing 
average velocity for both nanofluid but increase in Nus-
selt number for gold is more prominent than silver due to 
greater thermal conductivity of gold. As Petal et  al. [32] 
reported the k-values of gold and silver NFs at very low 
concentrations. They investigated 7–14% intensification in 
thermal conductivity of gold/DIW based NF for loading of 
0.011% by volume.

Kim et  al. [33] also studied the increment in thermal 
conductivity of gold/H2O based nanofluid upto 9.3 ± 5.4% 
as compare to base fluid with nano particle loading 0.018%. 
Figure 6 illustrates the axial profile of both nanofluids with 
these concentrations, (0.015, 0.045, 0.0667%). The graph 
shows the enhancement in Nu # at the entrance end of the 
tube with increase in concentration of nanoparticles at Rey-
nold number 200 ± 50.

In the above Fig. 7 the Nu # versus Re # of both nano-
fluids for each tested concentration at dimensionless dis-
tance x/D = 13.21. Nusselt number is tend to increase with 
increasing Reynold number The percent increase in Nu # 
for 0.045 vol% concentration of nanoparticles of gold/DIW 
and silver/DIW based nanofluids is 15 and 11% respec-
tively at Reynold number 200 ± 50. The increase is more 
significant for gold/DIW based nanofluid.

Figure  8 represented the ratio of experimental calcu-
lated Nu.# to the calculated Nu.# from Shah correlation 
versus Re.# for gold/DIW and silver/DIW based nano-
fluids at two volume fractions (0.015, 0.045 vol%). From 
graphical behavior it can be observed that Shah correla-
tion cannot predict the accurate results for both nanofluids 
with increasing Re.#. The ratio of experimental calculated 
Nusselt number and the predicted Nusselt number from 
Shah correlation is self-explanatory. If the prediction is 
accurate then the ratio should not tend to decrease with 
the Reynold number. The difference between calculated 
and experimental values of Nusselt number is goes on 

8

9

10

11

12

13

14

0.08 0.12 0.16

N
u

average fluid velocity (m/s)

(DIW)
0.015vol%(gold)
0.015vol%(silver)
0.045vol%(gold)
0.045vol%(silver)
0.0667vol%(gold)
0.0667vol%(silver)

Fig. 5   Nusselt number versus average velocity at dimensionless dis-
tance x/D = 8.81

5

6

7

8

9

10

11

12

13

N
u

dimensionlessaxial distance X/D

0vol%
0.015vol%(gold)
0.015vol%(silver)
0.045vol%(gold)
0.045vol%(silver)
0.067vol%(gold)
0.067vol%(silver)

Fig. 6   Nusselt number versus x/D at Reynold number 200 ± 50



2315Heat Mass Transfer (2017) 53:2309–2316	

1 3

increasing that’s why the ratio is decreasing at high Rey-
nold number.

Similar results were observed by Wen and Ding, when 
they studied the heat transfer coefficient of alumina/water 
based nanofluid and compares their results with Shah cor-
relation [29]. This discrepancy confirms that heat transfer 
depends upon more factors other than physical properties. 
Because during the flow of nano fluid through any flow 

channel, the nano particles are interacting with each other, 
with the walls of the tube and exchange their energy.

6 � Conclusion

This research paper shows a comprehensive study on 
experimental work about convective heat transfer augmen-
tation for gold/DIW and silver/DIW based nanofluids under 
similar conditions. Both nanofluid shows remarkable inten-
sification in Nusselt number and HT coefficient by increas-
ing flow rate or Re.# and nano particle volume fraction. 
But results indicate that gold/DIW nanofluid shows more 
enhancements in Nusselt number and heat transfer coef-
ficient as compare to silver/DIW nanofluid due to its high 
effective thermal conductivity for the same volume frac-
tions of nanoparticles. The enhancement in Nusselt number 
is 8.5 and 4.3% at volume concentration 0.015% for gold/
DIW and silver/DIW based nanofluid respectively. Fur-
ther, experimental and theoretical work is needed for more 
detailed comparative study of convective HT characteristics 
of different nanofluids in laminar and turbulent flow region.
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