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Abstract
Heat transfer fluids are important component in transferring heat through heat exchangers in variety of industrial appli-

cations including solar energy. Measurement of convective heat transfer coefficients in experimental setup simulating as

much actual operating conditions as possible is one reliable method. Experimenting with fully synthetic heat transfer oil

meant for use in concentrated solar power plants, the paper presents experimental data for the oil run in a closed-loop

indoor test setup up to high temperatures of 200 �C and at two flow rates of 900 and 1200 kg h-1. Convective heat transfer

coefficients were calculated based on actual steady-state heat transfer taking place between the hot oil and cold water

flowing in a counterflow shell and tube heat exchanger. It was observed that the convective heat transfer coefficient is

higher at lower oil flow rate and there is more variation in the experimental values at lower flow rates of oil. On the

contrary, the coefficients of convective heat transfer on the basis of empirical correlations at same two oil flow rates were

calculated to be higher at higher oil flow rate with the variation uniformly patterned. With respect to calculations based on

empirical correlations and experimentally observed values, a comparison of convective heat transfer coefficient ‘‘hi’’ for oil

at the two flow rates, the empirically calculated heat transfer coefficients show an increasing trend with a definite gradient,

while the experimental values show variable trend which is increasing initially with temperature, then drops slightly and

then again starts to increase. In view of the fact that the empirical correlations do not take into account the nature and

chemistry of the oil, it has been concluded that the experimental determination of heat transfer coefficient is reliable and

feasible, though it may not necessarily correlate with the theoretically derived values.
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Introduction

In the present day, science and technology are mandating

using heat transfer oils for high-temperature applications,

such as concentrated solar power plants. Devising and

designing suitable oil formulations for such severe oper-

ating conditions shall require a precise and accurate test

method for laboratory evaluation of heat transport

properties. If the oils are to be used at elevated tempera-

tures, like those in the case of concentrated solar power

generation where temperatures go as high as 400 �C, there
is an urgent need for a laboratory test method for deter-

mination of heat transport phenomenon of heat transfer

fluids (HTFs) which can be utilized in formulating new

generation oils based on novel chemistries and technolo-

gies like nanofluids, etc. [1].

Heat transport properties of oil are important in deter-

mining the amount of heat transferred from the oil as well

as in arriving at an optimum plant design in terms of

selection of right type and configuration of heat exchang-

ers, pipelines, pumps, etc. Density, viscosity, specific heat

capacity and thermal conductivity are generally regarded as

the important heat transport properties requiring consider-

ation for a given configuration of heat transfer mechanism.
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For few specialized industrial applications such as CSP

generating electricity using sun’s heat stored and trans-

ported through a heat transfer fluid—generally oil of suit-

able chemical nature, heat transport properties are very

critical in arriving at the least cost of electricity generated.

There are a variety of standard as well as nonstandard test

methods being employed by researchers in evaluation of

heat transport properties of oils. Most of these test methods

evaluate the oil properties at low to medium temperatures

and under atmospheric or lower pressures ranges [2].

The HTF used in solar CSP applications encounters

system pressures of 15–30 bar and temperatures as high as

250 �C or above. Under such severe operating conditions,

the oil has to perform satisfactorily and it would be useful

if the oil’s heat transport properties are evaluated at these

operating conditions. Though all the four properties play

crucial role in actual heat transfer, properties like density

and viscosity are more related to flow of oils, while specific

heat capacity and thermal conductivity are two important

properties that govern the heat transfer taking place

through the oil. Among these, thermal conductivity is the

most important heat transport characteristic of oil which

though, has been studied and experimented very exten-

sively in the past, still offers controversial and debat-

able results of evaluation.

Thermal conductivity can be evaluated using steady-

state test techniques as well as transient test techniques.

Steady-state test techniques require more time and are

more complex in experimentation, while transient tests are

relatively more prevalent and adoptable. All the test

methods for evaluation of thermal conductivity of oil result

into widely scattered values of thermal conductivity with

poor repeatability of results. This is owing to the fact that

measuring the ‘‘pure’’ thermal conductivity of oils, that too

at elevated temperatures, is very difficult because the oil

tends to go into the convection region following the

Brownian motion in its molecules. For industrial applica-

tions, determination of thermal conductivity and specific

heat capacity of oils has been carried out on the basis of

certain empirical equations derived by oil formulators

based on their experience in collecting, collating and dis-

seminating technical information needed by practicing

engineers [3]. Quite a few researchers have reported

evaluation of thermal conductivity of oils by different

methods, but there still remains a huge scope of debate and

conflicting discussions on the reliability of such testing,

specially for high temperatures. Determination of con-

vective heat transfer coefficient of oil is an alternative, but

comparatively more meaningful way of assessing the heat

transport property of oils during their formulation and

research. Convective heat transfer coefficients can be

regarded as the overall effect of all the heat transport

characteristics of oil such as the density, viscosity, specific

heat capacity and conductivity or heat diffusivity [4].

High-performance heat transfer oil development
and evaluation

Researchers in the field of heat transfer fluids are experi-

menting with several novel compositions of nanofluids and

other high performing chemicals in their efforts to increase

the heat transfer capability of fluids. Enhancement of heat

transport properties of fluid is required to improve the cycle

efficiency of heat transfer oils used in solar energy appli-

cation in particular. During the course of formulating high-

performance heat transfer fluids, while most of them have

reportedly used combination of heat transport test tech-

niques as mentioned in this paper, some have resorted to

testing the oil in simulated test setups evaluating the con-

vective heat transfer properties of the fluid instead of

depending upon the individual heat transport properties of

thermal conductivity, heat capacity, etc. [5].

Hoffman and Cohen [6] experimentally studied heat

transfer coefficients of molten salt mixtures of NaNO2–

NaNO3–KNO3 under forced circulation in circular tubes

with parameters such as Reynolds number between 4800

and 24,000 and Prandtl number of 4.2–9.1 and concluded

that heat transfer with tested salt mixture could be repre-

sented by general corrections for heat transfer fluids

flowing through circular pipes. Wu et al. [7] used a spe-

cially designed system of circular tube to study the heat

transfer characteristics of molten salt for about 1000 h and

validate the known heat transfer equation such as Hausen

and Gnielinski. Based upon the measurements of flow rate

and temperatures, the heat transfer coefficients were

determined by least square method and transient flow heat

transfer correlations were obtained with reasonable agree-

ment. Garg et al. [8] evaluated four different samples with

different duration of ultrasonication in nanofluids prepared

using 1% mass of multi-walled carbon nanotubes

(MWCNT) and 0.25% mass of gum arabic (GA) in

deionized (DI) water. They measured the viscosity through

a rotational type viscometer and thermal conductivity using

a thermal property analyzer having a probe of 60 mm

length and 1.3 mm diameter which had heating element,

thermoresistor and a microprocessor to control and mea-

sure the conduction in the probe. They also used a specially

fabricated convective heat transfer coefficient measure-

ment test setup comprising of copper heat transfer section

(length 914.4 mm, inner diameter 1.55 mm and outer

diameter 3.175 mm), data acquisition system, DC power

supply, a syringe metering pump and a computer. They

reported maximum of 20% increase in thermal conductiv-

ity at temperatures greater than 24 �C and 32% increase in

convective heat transfer along axial distance.
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Sohal et al. [9] in a project work at Idaho National

Laboratory in USA proposed a conceptual design of a

forced convection test loop to verify the convective heat

transfer, thermophysical and thermochemical properties,

corrosion properties and any other thermal–hydraulic

characteristics that are essential in developing high-tem-

perature solar salts. Mohammed et al. [10] reviewed sev-

eral aspects of microchannel heat exchangers such as

channel geometry, fluid inlet and outlet arrangement, type

of construction with respect to past works from the litera-

tures. They also reviewed heat transfer and fluid flow

properties in such microheat exchangers using nanofluids

as well as conventional fluids and emphasized the need for

a coordinated approach among researchers so as to develop

an accurate, reliable and standardized test technique for

study of heat transfer effects of newer generation HTFs.

Sarkar [11] reviewed the correlations used in heat transfer

and pressure drop for laminar and turbulent flows of

nanofluids under natural as well as forced conditions. He

concluded that for the nanofluids which have spherical

nanoparticles, there is an appreciable agreement of the

pressure drop values between experimental and predicted

results based on established correlations under laminar as

well as turbulent flows. But the established correlations do

not match with experimental values in case of heat transfer

coefficients of nanofluids and different correlations were

proposed for Nusselt number pertaining to laminar and

turbulent flow. The author emphasized concerted studies of

nanofluids with regard to development of heat transfer

correlations and attributed the observed big differences in

Nusselt numbers with the proposed correlations for laminar

and turbulent flows owing to variety of factors such as

interdependence of particle properties and fluid composi-

tion on flow and heat transfer characteristics, erroneous

data of viscosity and thermal conductivity, absence of

substantiated knowledge of flow mechanism of nanofluids

and most importantly inadequate experimental methodol-

ogy and data of nanofluids. Tumuluri et al. [12] experi-

mented on three heat transfer fluids consisting of multi-

walled carbon nanotubes (MWCNT), slurry of microen-

capsulated octadecane-based phase change materials

(MPCMs) and their blends, evaluating thermal conductiv-

ity using transient hot wire (THW) apparatus, viscosity

using spindle type viscometer and heat transfer perfor-

mance through a specially designed loop consisting of

pipings made of copper, heat exchanger, variable voltage

transformers, water chiller, pump, motor, flow meter, data

acquisition units, thermocouples, pressure transducers, etc.

A maximum thermal conductivity increase of 8.1% was

observed for MWCNTs having diameter of 60–100 nm and

length 0.5–40 microns and showed 20–25% convective

heat transfer enhancement in turbulent flow conditions.

While MPCM slurry showed good agreement of heat

transfer rates with respect to the published literature, the

blend showed lower heat transfer rates and pressure drops

owing to having higher viscosity.

You et al. [13] developed a mathematical fluid flow and

heat transfer model in a direct steam generation (DSG)

system using a parabolic trough solar power plant. They

actually constructed a pilot test setup using a concentrating

trough and evacuated absorber tube for studying the

authenticity of the developed mathematical models. They

concluded that the models developed by them and verified

using the experimentation are in agreement with each other

within the permissible engineering ranges and can be used

for analyzing the operational properties of the DSG sys-

tems for industrial applications. Gonzalez et al. [14] also

resorted to designing a special purpose pilot plant primarily

to study the degradation of HTFs at high temperatures and

used six varieties of HTFs in the plant to understand their

degradation majorly with respect to the oils’ viscosity

change before and after the evaluation exercise. On the

basis of the experimental values, the authors also estimated

the heat capacity and overall heat transfer coefficients and

concluded that both these heat transport parameters follow

opposite trends. Lu et al. [15] utilized an experimental

facility consisting of oil tank, pump, heat exchanger, data

management system and an HTF flow loop to study the

convective heat transfer of a molten salt made of NaNO2–

KNO3–NaNO3 chemistry used as HTF in solar energy

application. During the experiments, HTF temperature

ranged between 250 and 400 �C and Reynolds number

between 4000 and 10,000. The authors reported good

agreement with experimental data, but the deviations were

nonuniform probability under different fluid temperatures.

Chen et al. [16] experimentally studied the comparative

performance of a commercial grade molten salt Hitec in

transversally corrugated and smooth tube. Based on

experimental results, the authors observed about 17%

correlation between experimental and empirical data. The

authors also obtained higher drag coefficient for transver-

sally corrugated tube than the smooth tube on the basis of

variation in drag coefficient and Reynolds number. Lu et al.

[17] utilized an electrically heated spirally grooved tube to

study the heat transfer performance of molten salts. Based

on the obtained Nusselt numbers, it was concluded that

heat transfer through spiral tube was higher than the

smooth tube and that the groove height is helpful in

increasing the heat transfer. The authors also found rea-

sonable correlation between the experimental results and

modified correlation coefficients based on empirical cor-

relations by Sieder and Tate and Gnielinski.

Ahmad et al. [18] studied over/Cu nanofluid using

double lid-driven cavity by lattice Boltzmann method at

constant Richardson no, Grashof no, temperature phase

deviation and Prandtl no. The analysis showed that the flow
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pattern of thermal phase deviation change with high

Richardson numbers is apparent, while Nusselt number and

heat transfer coefficient enhance by decreasing Richardson

number. It also seems that average Nusselt number is

higher at constant properties than variable. Haghighi et al.

[19] measured the thermal conductivity and viscosity of

9% by mass solid nanoparticles of alumina (Al2O3), zir-

conia (ZrO2) and titania (TiO2) in water-based nanofluids

(NFs) at 20 �C using the transient plane source (TPS-Hot

Disk) technique for thermal conductivity and a coaxial

cylinder viscometer to measure the viscosity. Their mea-

surement showed agreement with distilled water results at

20 �C to an extent of 2% in thermal conductivity and 4%

for viscosity. They also measured the heat transfer coeffi-

cients for the same NFs using a straight tube having 1.5 m

length and 3.7 mm diameter and observed contradictory

results with heat transfer coefficients increasing in a range

of 8–51% when using equal Reynolds number and

decreasing by 17–63% when compared at equal pumping

power. They concluded that when measuring heat transfer

coefficients, results should be compared using equal

pumping power and not at equal Reynolds number as NFs

have higher viscosity than the base fluids and would

require higher volumetric flow at equal Reynolds number.

Biencinto et al. [20] used simulation methods to compar-

atively study use of pressurized nitrogen in place of con-

ventional synthetic oil based HTF in parabolic trough

plants using the coordinates of an existing Spanish 50MWe

parabolic trough plants with 6 h of thermal storage and

observed that almost similar net annual electricity pro-

ductions can happen by replacing the conventional syn-

thetic HTF with pressurized nitrogen which will also be

environmentally safe.

Muñoz-Anton et al. [21] studied theoretically the sub-

stitution of gas as working fluid in a parabolic trough solar

power plant for overcoming flammability and environ-

mental problems associated with conventional synthetic

oils. They also described a test loop developed at solar

research center of Plataforma Solar de Almerı́a (PSA,

Spain) for evaluating the effects and technical feasibility of

such new concepts in heat transfer oils. They concluded

that the high gas pressure can offset pumping power to

better acceptable levels, but also reported absence of

technique to detect the gas leakages from ball joints as a

major drawback of using gas in place of oil as HTF.

Nikkam et al. [22] studied the heat transfer characteristics

of nanofluid having a-SiC particle concentration of 3, 6 and

9 wt% and different base fluids using distilled water and

distilled water/ethylene glycol mixture. Their thermal

conductivity with a Hot Disk apparatus working on the

transient plane source method and viscosity using vis-

cometer were evaluated at 20 �C. They found that the

loading of 9% by mass of a-SiC particle in distilled water/

ethylene glycol base liquid exhibited the best combination

of thermophysical properties, which was then taken up for

heat transfer coefficient evaluation using a closed-loop

system consisting of straight tube of 1.5 m length and

3.7 mm diameter. HTC measurements showed enhance-

ment of 13% under equal Reynolds number, 5.5% at equal

pumping power and 8.5% at equal flow rates. Selvakumar

[23] et al. used mineral-based commercial heat transfer oil

Therminol D-12 to study efficiency of a evacuated tube

built in a parabolic trough-based solar collector heating

water and observed 30% improvement in efficiency under

low solar radiations. Suganthi et al. [24] studied heat

transport properties of ZnO–ethylene glycol and ZnO–

ethylene glycol–water nanofluid coolants using transient

heat transfer test setup consisting of stainless steel sample

holder, electrical heating coil and temperature sensor

connected with data logger, developing empirical models

to calculate the heat transport properties of the fluids. The

experiments showed increase in thermal conductivity to the

tune of 39 and 17% in case of ZnO–EG and ZnO–EG–

water nanofluids over their respective base fluids. Harris

[25] reported a modified transient plane source method to

measure the thermal conductivity which is able to reduce

the convection currents in oil by employing a very short

time interval of 0.8 s of measurement, using extremely less

sample quantity of 1.25 mL and utilizing a very low-en-

ergy 2600 W m-2 heat flux to the test specimen holding

the oil.

Derakhshan et al. [26] studied the convective heat

transfer properties of a heat transfer oil fortified with

spherical shaped multi-walled carbon nanotubes

(MWCNTs) by developing laminar mixed convection in a

dedicated experimental setup utilizing microfin as well as

plain tubes in studying the heat transfer characteristics

under laminar mixed convection conditions. They proposed

two new correlations to predict the mean Nusselt number in

horizontal and vertical microfin tubes within an error band

of - 6% to ? 4% and - 10% to ? 8%, respectively.

Mohammad et al. [27] proposed a new correlation for

assessing the thermal conductivity of COOH-functional-

ized MWCNTs/water nanofluids. They utilized COOH-

functionalized MWCNTs nanoparticles in water as base

fluid and measured the thermal conductivity in various

MWCNT solid concentrations, up to 1%, but at low tem-

peratures of 25–55 �C only. They then applied artificial

neural network analysis using temperature and solid vol-

ume fraction as input and thermal conductivity as output

and observed good agreement between the ANN and

experimental value. Mehdi et al. [28] experimentally

evaluated the hydrothermal properties such as particle

concentration, baffles overlapping and helix angle of Al2O3

nanoparticles in water using shell and tube heat exchanger

having helical baffles. Using artificial neural network, they
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carried out modeling of heat transfer and pressure drop of

the nanofluid and predicted optimal cases for various

situations.

Masoud et al. [29] studied the natural convection of an

electrically conducting fluid under magnetic field in an

inclined cylindrical annulus using simulation. In the study,

the authors varied the inclination angle from 0� to 90� and
Hartmann number up to 60 and found that magnetic field

has good impact in controlling the convection of the

electrically conducting fluid. They concluded that the

convection motion can be suppressed by varying the

direction and intensity of the magnetic field.

Mohammad et al. [30] investigated the thermal conduc-

tivity and viscosity of FE/water nanofluid in varying con-

centrations and diameter of the nanoparticles. They

obtained an increase in thermal conductivity with con-

centration and decrease with nanoparticle size. They also

obtained increased viscosity with increase in concentration

and diameter. Mahdi and Mehdi [31] used shell and tube

heat exchanger with helical baffles to study the impact and

overlap of helix angle on hydrothermal features. They also

developed an artificial neural network to assess heat

transfer and pressure drop in the heat exchanger and opti-

mized the developed model to arrive at 38 different cases.

Raei et al. [32] measured the convective heat transfer

coefficient in a novel experimental setup using double-tube

counterflow heat exchanger using Al2O3/water nanofluid in

flow rates of 7, 9 and 11 L min-1, but again here the inlet

fluid temperatures were low at 45, 55 and 65 �C. The

authors reported large increase in heat transfer coefficient

up to 23% and friction factor up to 25% at 0.15 vol%

concentration of nanoparticles. Hosseinzadeh et al. [33]

reported using a test setup consisting of a horizontal cir-

cular tube in length of 1000 mm and 7 mm in diameter to

study the effect of magnetic field on heat transfer increase

and friction factor on Fe3O4/water nanofluid experimen-

tally at different Reynolds numbers and magnetic field

strengths. They have reported improvement in Nusselt

number with increase in Reynolds number and percentage

concentration of nanopowders. Mehdi [34] did an exhaus-

tive review of the migration of particles in nanofluids. With

the issue of migration of particles, he looked into all the

previous work done by several researchers and through

different methods used such as Eulerian–Lagrangian,

Buongiorno model, molecular dynamics simulation as well

as theoretical approaches. Several important issues are

highlighted that deserve greater attention. In the review, he

has been able to clearly pin point the main bottlenecks and

directions for further work on this subject. Marjan et al.

[35] experimentally determined the thermal conductivity,

specific heat capacity and viscosity and convective heat

transfer behavior of nitrogen-doped graphene nanofluids

flowing in a double-pipe heat exchanger. Using Matlab

software analysis, the authors concluded that heat transfer

of the nitrogen-doped graphene nanofluid increases with

the increase in Reynolds number as well as with increase in

quantity of nanoparticles in the fluid.

Mehdi and Masoud [36] carried out experimental studies

on multi-walled carbon nanotubes dispersed in ethylene

glycol–water mixture in the ratio of 40:60, temperature

range between 25 and 50 �C and solid volume fraction

range of 0–1.0%. They observed that with increase in solid

volume fraction and temperature, the thermal conductivity

ratio also increases, and at the same time, temperature

effective on thermal conductivity is more predominant at

higher concentrations. The authors also used Maxwell

model to compare the experimental data and observed that

the experimental data do not correlate with the simulation

studies, and hence, they proposed correlations for the same.

Mohsen et al. [37] examined the dynamic viscosity of

single-wall carbon nanotubes in ethylene glycol in tem-

perature range from 30 to 60 �C and solid volume fractions

up to 0.1% and observed that the fluid behaves in Newto-

nian fashion under all concentrations and up to highest

temperatures studied. The measurements also indicated that

dynamic viscosity increases with increasing solid volume

fraction and decreases with increasing temperature. Hamid

and Masoud [38] studied the rheological behavior of

COOH-functionalized MWCNTs–SiO2/EG–water hybrid

nanocoolant for cooling systems at temperatures ranging

from 27.5 to 50 �C and solid volume fractions ranging

from 0.0625 to 2%. Viscosity measurements were per-

formed at the shear rate range of 0.612–122.3 s-1 for each

nanocoolant sample. Results showed that the base fluid

exhibits Newtonian behavior and the nanocoolant samples

exhibit a pseudoplastic rheological behavior with a power

law index of less than unity (n\ 1) and also that the

apparent viscosity generally increases with an increase in

the solid volume fraction and decreases with increasing

temperature.

Ebrahim et al. [39] experimented with Al2O3-MWCNT

nanoadditives (0–1.0% and 25–50 �C) in a SAE40 engine

oil formulation to obtain their rheological characteristics

and observed that the nanofluid behaves in Newtonian

manner. They also observed that with decrease in tem-

perature and increase in nanoadditive concentrations, the

viscosity of the fluid increases. They performed sensitivity

analysis and found that while viscosity is less sensitive to

temperature, it is more sensitive to solid volume fractions

and proposed correlations to calculate the viscosity of

engine nanofluid based on experimental values.

Masoud et al. [40] vouched for higher accuracy of the

optimized artificial neural network model compared to

experimentally derived correlations for predicting the

thermal conductivity of Fe3O4 magnetic nanofluids. They

observed a deviation of 5% for correlations and 1.5% for
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artificial neural network-based thermal conductivity values

of the magnetic fluid studied experimentally.

Mohammad et al. [41] used an SAE40 viscosity grade

engine oil mixed with MWCNTs and SiO2 in varying

volume fractions up to 2% and temperature range from 25

to 50 �C to investigate the effect on rheological perfor-

mance of the fluid. The authors concluded that the fluid

exhibits Newtonian behavior in volume fraction up to 1%

and non-Newtonian beyond that. They also observed vis-

cosity decrease with temperatures and increase with con-

centration. Davood et al. [42] evaluated the viscosity of

magnetic Fe2O3 nanofluid in a range of temperatures and

solid volume fractions and observed that the viscosity

reduces appreciably with temperature and increases with

the nanoparticle concentrations. The authors proposed a

correlation for viscosity of the magnetic nanofluid and

obtained good accuracy with the experimental results.

Mohammad et al. [43] predicted the thermal conductivity

of ethylene glycol–water mixed with alumina nanofluids

using artificial neural network as well as on the basis of

correlation coefficients derived out of experimental studies.

The authors concluded a high correlation between the

experimental results and those obtained using artificial

neural network. Majid et al. [44] experimented with the

water mixed with CuO nanoparticles in several volume

fractions up to 2% flowing in turbulence inside a double-

tube, counterflow heat exchanger. They observed that the

rate of increase in heat transfer coefficient of the fluid is

more at lower ranges of Reynolds number and concluded

that the effect of increasing percentage of nanoparticle in

lower Reynolds number was more. Mohammad et al. [45]

studied the dynamic viscosity of engine oil containing

alumina nanoparticles in solid volume ratios and temper-

ature up to 65 �C using Brookfield viscometer. They

observed that nanofluids follow Newtonian behavior with

viscosity increasing with nanoparticle concentration to as

high as 132% at highest additive dosage of 2%, decreasing

with temperature and derived mathematical correlations

which were found not to predict the correct viscosity under

experimentation.

Saman and Davood [46] studied the effects of variation

in Reynolds number and Darcy number on the Nusselt

number and the convection heat transfer coefficient using a

water–copper oxide (CuO) nanofluid in a sinusoidal

channel with a porous medium and observed increasing

trends. They further concluded that temperature gradient

along the sinusoidal channel increases with Reynolds

number and that the porous portion helps control temper-

ature differential, thus enhancing the convective heat

transfer coefficient. Amir et al. [47] investigated the heat

transfer coefficient, Nusselt number and pressure loss of

water/CuO nanofluid in single phase for laminar study flow

having Reynolds number 100 with boundary conditions

firstly constant heat flux for all sides and secondly two side

constant heat flux and constant temperature one side. They

observed that pressure loss increases as CuO concentration

increases, while velocity distribution is fully developed. It

also shows that the size of nanoparticle does not effect the

heat transfer properties. Omid et al. [48] concluded in their

studies that the heat transfer increases with an increase in

the volume fraction of solid alumina nanoparticles mixed

into water-based carboxy methyl cellulose (CMC) solution

and reduction in the diameter of the nanoparticles signifi-

cantly in Reynolds number. Mohammad et al. [49] exam-

ined the viscosity of MWCNTs/ZnO-SAE40 hybrid

nanolubricants at different temperature and volume frac-

tion ranges. They observed that viscosity decreases with

rise of temperature and enhances with the increase in

volume fractions. Maximum viscosity seems at 33% of

nanolubricants. And nanolubricants act like Newtonian

fluid.

Mohammad et al. [50] investigated the optimization of

nanofluid aluminum oxide in water and ethylene glycol in

the ratio 40:60. They applied NSGA II algorithm in neural

network modeling to decrease viscosity and increase ther-

mal conductivity. The observation showed that optimal

thermal conductivity and viscosity occur at the highest

temperature. Mohammad et al. [51] experimentally studied

and proposed correlations for thermal conductivity of

COOH-functionalized multi-walled carbon nanotubes in

water with varying solid volume fractions up to 1%, tem-

perature range of 25–55 �C and using different dispersion

techniques. They also trained their data obtained through

an artificial neural network model with good degree of

confidence. Roozbeh et al. [52] used ethylene glycol in

water at 50% concentration, added functionalized single

walled carbon nanotubes (F-SWCNTs) in varying volume

concentrations, evaluated the thermal conductivity of the

samples at different temperatures and observed that ther-

mal conductivity varied directly with the additive con-

centrations and temperature. The authors also studied the

effect of absence and presence F-SWCNTs in the base fluid

by measuring the forced convective heat transfer in a

smooth tube and concluded that the nanofluid was efficient

as long as relative viscosity is lower than the 0.465 power

of the thermal conductivity ratio.

Masoud [53] carried out an exhaustive experimental

work on thermal conductivity of magnesium oxide and

functionalized multi-walled carbon nanotubes hybrid

nanofluid in temperature range of 25–50 �C and nanopar-

ticle concentration range of 0–0.6% and found high

increase in thermal conductivity in the order of 21%. He

also proposed mathematical correlation for prediction of

thermal conductivity based on his experiments.

Mehdi et al. [54] studied the heat transfer characteristics of

green tea leaves oil containing silver nanoparticles in a
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miniature counterflow double-tube heat exchanger. They

found that at high concentrations and Reynolds numbers,

nanoparticle migration have appreciable impact on efficacy

of the heat exchanger. Pumping power increases with

Reynolds number and decreases with increase in concen-

tration. They concluded that nanofluids in high concen-

tration are advantageous to be used in heat exchangers

because there is an increase in the ratio of heat transfer rate

to pressure drop with concentration increment. Mehdi et al.

[55] investigated in an annuli the convective heat transfer

and flow properties of a copper nanoparticle in a non-

Newtonian base fluid containing 0.4 mass% carboxymethyl

cellulose (CMC) solubilized in water. They observed

higher impact on pressure drop with changing concentra-

tion of nanoparticles and comparatively lower impact by

changing radius ratio and particle size. They also carried

out modeling through artificial neural network (ANN) to

find out convective heat transfer coefficients in both wall,

and the pressure drop in terms of radius ratio, volume

concentration, and particle size.

Thus, it can be seen from the above literature review that

different researchers have used several different methods

for evaluating the convective heat transfer coefficient of

oils, and so far no test method has been standardized for the

same. There is a need for developing a uniformly accept-

able test method that can determine the overall heat

transport properties of oil, such as the convective heat

transfer coefficients. The paper presents experimental data

for the oil run in a closed-loop indoor test setup up to high

temperatures of 200 �C and at two flow rates of 900 and

1200 kg h-1, employing fully synthetic heat transfer oil

meant for use in concentrated solar power plants. Con-

vective heat transfer coefficients are calculated based on

actual steady-state heat transfer taking place between the

hot oil and cold water flowing in a counterflow shell and

tube heat exchanger.

Experimental

A typical solar heating operation as taking place in actual

outdoor condition in a solar thermal plant with two-tank

thermal oil storage system is represented in Fig. 1.

In order to study the convective heat transfer charac-

teristics of heat transfer fluid at high operating tempera-

tures normally encountered in solar thermal plants, a test

setup was designed and built with the objective of deter-

mining the mechanisms by which the heat transfer is

enhanced in heat exchangers and related piping in various

flow regimes such as laminar and turbulent. The test setup

consists of a closed-loop test system of pipe test section,

temperature measurement devices, flow meters, heat

exchangers (tube and shell co-current and countercurrent

type) data acquisition system and software. Figure 2

depicts a schematic diagram of the testing setup used for

evaluation of thermic fluid for their intended application in

solar thermal systems.

The highly instrumented test setup consists of electrical

mechanism for oil heating to high temperatures and heat

exchangers having equal heat transfer area to study the

effect of variations in exchanger designs. Shell and tube

type heat exchangers with co-current and countercurrent

fluid movement were made. The setup was designed in

such a way that only one heat exchanger was able to

operate at a time. It was possible to emulate the solar

charging process usually performed by a solar collector

[56]. The discharging cycle was obtained by passing the

hot thermic fluid through an oil/water heat exchanger. DM

water was used as the other fluid stream, and temperatures

of inlet water and outlet steam were recorded precisely

during experimentation.

Control parameters:

1. Oil heater through electrical heat load and agitation.

2. Temperature of hot oil coming from oil heater—th1.

3. Temperature of oil leaving the heat exchanger—th2.

4. Oil flow rate to heat exchanger—mh.

Collector field

Oil-to-salt
heat
exchanger

Thermal
storage

Steam
generator

Turbine

Condenser

Oil

Salt
Steam/water

Hot tank

Cold tank

Fig. 1 Typical field with

indirect two-tank thermal oil

storage system
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5. Water inlet and outlet temperature—tc1 and tc2.

6. Water circulation rate—mc.

Experimental methodology

Tests were performed to validate the test setup capabilities

with a fully synthetic grade heat transfer oil as working

fluid having kinematic viscosity of 2.48 cst @ 40 �C, flash
point of 124 �C and pour point of 12 �C. The following

experimental study was performed pertaining to measure-

ment of heat transfer coefficients:

• The test loop was run with the objective of achieving

the steady state of heat transfer in the heat exchanger at

a predefined flow rate of water, oil and hot oil

temperature.

• Flow rates and temperatures at the heat exchangers inlet

and outlet for the oil and the water side were then

measured.

• Recording of inlet and outlet temperatures of hot fluid

and cold water giving delta T on both sides,

respectively.

Both the heat exchangers had almost identical design

with the following parameters:

Inner diameter of shell Do = 0.2 m (200 NB pipe, SCH

20).

Total number of tubes = 18.

Outer diameter of tube do = 0.01905 m.

Thickness of tube wall t = 0.00165 m.

Inner diameter of tube di = 0.01575 m.

Total tube length L = 1.25 m.

Pitch = triangular, 25.4 mm.

Baffle spacing = 175 mm (5 Nos).

The following parameters were obtained from the soft-

ware-assisted heat transfer test setup:

Temperature of hot oil entering the exchanger

(�C) = th1.

Temperature of oil exiting the exchanger (�C) = th2.

Oil flow rate to heat exchanger (kg h-1) = mh.

Density of oil (kg m-3) = qo.
Water inlet temperature (�C) = tc1.

Water outlet temperature (�C) = tc2.

Water circulation rate (kg h-1) = mc.

Since water was used as the cold stream whose heat

transfer properties are already well established and

researched, Prandtl number Pr, viscosity lw, thermal con-

ductivity K, specific heat capacity Cpw and density qw were

taken from the reported literature [57].

Chiller
Condenser

Water circulation
mc

DM water
temperature (t~)

Oil expansion
tank

Hot oil
storage

Hot oil in
th1

Hot oil out

Oil
temperature

th2

Oil
heater

Water out
tc2

Water in
tc1

DM water
storage

Oil/water shell and tube heat
exchanger - co-current flow type

Oil/water shell and tube heat
exchanger - counter-current flow type

Oil circulation mh

Fig. 2 Schematic diagram of testing setup for evaluation of thermic fluid

716 U. Srivastva et al.

123



Velocity of water ¼ mc

ðqw � AoÞ
ð1Þ

Ao ¼Effective cross sectional area of shell

¼ p
4
D2

o � Total cross sectional area of tube

¼ p
4
D2

o � 18
p
4
d2o

¼0:0263m2

Substituting value of Ao in Eq. (1)

Velocity of water in the shell Vw ¼ mc

0:0263� qwð Þ

Re ¼ qw Vw Do

lw

ð2Þ

Now, heat transfer rate in terms of the mass flow rates

and temperatures entering and exiting the heat exchanger

can be written as:

At oil hotð Þ side : qh ¼ mh Cph dTh ð3Þ

At water coldð Þ side : qc ¼ mw CpwdTw ð4Þ

where qh and qc are the heat transfer rates of hot and cold

fluids, respectively; mh and mc are the corresponding mass

flow rates; and Cph and Cpc are the corresponding specific

heat capacities of the hot fluid oil and cold fluid water,

respectively.

Under steady-state conditions, equating Eqs. (3) and (4):

Cph ¼
mwCpwdTw
� �

mhdTh
ð5Þ

Overall heat transfer rate under steady-state conditions

q ¼ mhCphdTh ¼ UAi � LMTD ¼ LMTD

RT
ð6Þ

RT ¼ 1

AiU

U ¼ mhCphdTh

Ai � LMTD

where U = overall heat transfer coefficient, Ai = heat

exchanger or heat transfer area (Ai) = 18 9 pdiL, RT =

overall resistance in heat exchanger.

LMTD ¼ Log mean temperature difference ¼ dTh � dTw

log dTh
dTw

ð7Þ

The overall resistances can be calculated based on hot

side fluid resistance (Rhf), wall resistance (Rw) and cold

side fluid resistance (Rcf) using:

RT ¼ Rhf þ
Ff

Ai

� �

h

þRw þ Ff

Aosurface

� �

W

þRWf ð8Þ

Here, Ffh and Ffw are the fouling factor on hot and cold

sides, respectively, whose values have been obtained from

the reported literature [58] for oil and water, respectively.

Nusselt number for water side was calculated using

Gnielinski’s equation for turbulent flow in smooth tubes as

per the following:

Nu ¼
f
8

� �
Re � 1000ð ÞPr

1:0þ 12:7 f
8

� �0:5
Pr

2
3 � 1

� � 1þ D

L

� �2
3

" #

ð9Þ

The above Gnielinski’s equation is applicable for fully

developed flow characterized by D/L * 0. In the study that

was performed, D = 0. 01905 m and L = 1.25 m. Hence,

condition of D/L * 0 was fulfilled.

Further, Gnielinski’s equation is applicable in the fol-

lowing cases which was completely fulfilled during

experimentations in the heat transfer test setup:

• Developing or fully developed turbulent flow.

• Smooth tubes.

• 2300\Re\ 5 9 106.

• 0.5\Pr\ 2000.

• 0\D/L\ 1.

f = Darcy friction factor obtained from Blasius corre-

lation applicable for turbulent flow in smooth pipes for

Reynolds number ranging between 3 9 103 and 2 9 105

f ¼ 0:3164

R0:25
e

ð10Þ

Having known the Nu, hw, the heat transfer coefficient at

the cold water side was calculated using the following

equation:

Nu ¼ hw � do

K
ð11Þ

where K is the thermal conductivity of water

(W m-1 �K-1).

Substituting the above value of hW in Eq. (8)

RT ¼ Rhf þ
Ff

Ai

� �

h

þRw þ Ff

Aosurface

� �

W

þRWf

where

Rhf ¼
1

Aihi

Rw ¼
ln do

di

� �

2pLKw

Kw taken as 54Wm�1 K�1 for
�

stainless steel tube metallurgyÞ

Rwf ¼
1

Aosurfacehw
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Now since in the above equation, only unknown remaining

is Rhf, by substitution of all other known values, Rhf,

therefore, hi was calculated using the following experi-

mental protocol:

• The oil was circulated in both counterflow and co-

current heat exchangers of tube and shell type—to

experimentally assess the effectiveness of each other.

• Distilled water was taken as the cold fluid receiving

heat from oil.

• Flow rate of water was maintained around 1200 kg h-1

on the basis of the initial benchmarking studies and

based on the observation that best steady-state condi-

tion for the experiments was being achieved at this flow

rate.

• Oil flow rate was varied from 900 up to 1200 kg h-1 in

steps of 100 kg h-1 within the limitation and capacity

of the oil pump that was used in the setup.

• At each of the flow rates of oil, once steady state is

arrived, inlet and outlet temperature values for both oil

and water were recorded.

Literature-reported correlations

For solar energy applications of concentrated solar

power, the heat transfer fluid generally used is a

eutectic mixture of two pure synthetic compounds

‘‘diphenyl-oxide/diphenyl’’ and whose heat transport

properties like density, viscosity, thermal conductivity

and specific heat capacity can be derived using suit-

able mathematical modeling software by using the

known physicochemical properties of the two compo-

nents of the oil. For one such solar grade heat transfer

fluid operating up to temperatures of 400 �C, the sup-

pliers [59] have mentioned the heat transport properties

in tabular form based on empirically derived formulae

reproduced below:

q ¼ � 0:90797� t þ 0:0078116� t2 � 2:367

� 10�6 � t3 þ 1083:25 ð12Þ

l ¼ e
544:189
tþ114:43�2:59578ð Þ ð13Þ

Cp ¼ þ 0:002414t þ 5:9591� 10�6t2 � 2:9879� 10�8t3

þ 4:4172� 10�11t4 þ 1:498 ð14Þ

k ¼ � 8:19477� 10�5t � 1:92257� 10�7 t2 þ 2:5034

� 10�11t3 � 7:2974� 10�15t4 þ 0:137743 ð15Þ

where q = density in (kg m-3), l = kinematic viscosity

(mm2 s-1), Cp = specific heat capacity in (kJ kg-1 �K-1),

k = thermal conductivity in (W m-1 �K-1), t = tempera-

ture of oil in �C.
Using the above literature-reported correlation, the cal-

culated values of Re, Pr and subsequently Nu were derived.

Once Nu was known, convective heat transfer coefficient

was also be calculated.

Analysis and comparison of results

Based on both the experimentation and calculations based

on simulated empirical relationships, the convective heat

transfer coefficient ‘‘hi’’ was obtained. The following

analysis was arrived in the studies.

Co-current v/s countercurrent heat exchanger
studies

The purpose of using two different heat exchangers viz. co-

current and countercurrent exchangers was to compare the

heat transfer ability of the two different types of exchangers

under identical experimental conditions. As depicted in

Fig. 3, utilizing the experimentally arrived values of con-

vective heat transfer coefficients and overall heat transfer

coefficients, regression analysis was carried out to assess the

best curve fitting values for the two types of heat exchangers

used in the study. It can be seen that the highest regression

coefficients were obtained for polynomial curves and also

within the polynomial curves, the highest values were

obtained in the case of counterflow heat exchanger. Thus,

counterflow heat exchanger was taken for all subsequent

studies based on the fact that it resulted into highly corre-

lated, significantly uniform and consistent readings of tem-

perature differentials during experimentations. Therefore,

all the experiments were then performed using the counter-

flow heat exchanger and the results being reported in this

paper pertain to counterflow heat exchanger only.
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0.2
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R
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Exponential Linear Logarithmic Polynomial Power
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Fig. 3 Regression coefficients for different curve fittings in co-

current and countercurrent heat exchanger
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Comparison of literature-reported correlation v/s
experimental properties

Important oil properties like density and kinematic vis-

cosity of oil were calculated using the empirically simu-

lated relationship as well as observed experimentally

during the studies using a high precision, reliable and low

maintenance Krohne make mass flow meter model Opti-

mass 6400F suitable for high temperatures and pressures.

Figure 4 depicts the calculated and the experimental den-

sity values of the oil from where it is seen that the exper-

imental values of the density are lower than the calculated

values which will have implication at a later stage when

using the experimental values the convective heat transfer

coefficients are obtained for subsequent comparison.

Similarly, Fig. 5 depicts the calculated and the experi-

mental values of kinematic viscosity of the oil from where

it is seen that the experimental values of the kinematic

viscosity are higher than the calculated values having sig-

nificant implication on the convective heat transfer coef-

ficients that are obtained subsequently.

From Figs. 4 and 5, it is observed that experimental

values of density are low and the viscosity value is higher.

Generally, the oil having low density should have lower

viscosity values also. However, in the present study, the oil

used is a fully synthetic one and hence can show this kind

of nature in actual use. These two values will have their

combined effect on the subsequently derived heat transfer

coefficients.

Experiments under different flow rates of oil

Within the limitation of the pump used in the experimental

setup, the oil flow rate could be varied between 900 and

1200 kg h-1. On both the lower and higher limits of oil

flow rates, the convective heat transfer coefficient ‘‘hi’’ was

calculated experimentally. Figure 6 shows the variation in

the convective heat transfer coefficient at 900 and

1200 kg h-1 of oil flow rate from where it can be seen that

the convective heat transfer coefficient is higher at lower

oil flow rate and also that the lower oil flow rate shows

more variation in the values of heat transfer coefficient

obtained. This observation is contrary to the theory that the

heat transfer will be invariably more at higher turbulences.

One reason that can be understood is that the heat transfer

is not a function of turbulence alone, but it is also function

of residence time for which the oil is in contact with the

surface of heat exchanger. Since, at lower flow rates, the oil

gets more residence time of contact with the surface, the

heat transfer rates are higher at lower flow rates. Further,
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because it gets more time, the heat transfer phenomenon is

erratic and nonuniform with higher degree of variations.

Another observation that can be drawn from Fig. 6 is that

the heat transfer rate at higher flow rate shows a fast change

in gradient much below the temperature of 100 �C. This
may be because of the fact that water pressurized up to

5 bar is used on the other side and is receiving heat from

hot oil through the heat exchanger. The water under this

condition gets vaporized and forms a vapor blanket faster

owing to the heat it receives from more turbulent oil flow

from the other side.

Literature-reported correlation values
of convective heat transfer coefficient
for different flow rates

Similarly, Fig. 7 shows the variation in the convective heat

transfer coefficient calculated on the basis of empirical

correlations at 900 and 1200 kg h-1 of oil flow rate. It can

be seen that the convective heat transfer coefficient is

higher at higher oil flow rate and also that the variation in

the values of heat transfer coefficients is almost uniformly

patterned matching the theoretical understanding of the

phenomenon. This is contrary to the experimentally

observed values as discussed with Fig. 6 in the previous

section. However, the theoretical and empirical relation-

ships do not give consideration to the time factor and to the

nature and chemistry of oil. The actual heat transport

phenomena may sometimes vary because the oil may

behave in different manner depending upon its chemistry,

which in turn may affect its wettability of the contacting

surfaces and upon the time for which the oil is in contact

with the heat transferring surfaces.

Comparison of experimental v/s literature-
reported correlation values with respect to flow
rate

Convective heat transfer coefficient ‘‘hi’’ comparison at

900 kg h-1 of oil flow rate is shown in Fig. 8. While the

simulated heat transfer coefficient shows an increasing

trend with a definite gradient, the experimental values show

increasing trend initially with respect to increase in tem-

perature up to a certain limit, and then, it drops drastically

to low value from 100 �C up to about 150 �C from where it

again starts to increase. This trend can be attributed to the

fact that the heat from oil is getting transferred to water

through the heat exchanger surface. Once the steady-state

temperature on all the contact surfaces reaches 100 �C,
there is a small amount of vapor blanketing effect on the

outer surface where water is the other fluid, owing to which

the heat transfer gets reduced. However, in the experiment

within the capability of the test setup the water used was at

about 5 bar pressure as well as in actual application of

concentrated solar power plants where water is at a pres-

sure of about 15 bars. Subsequently, under the combined

effect of reduction in the vapor blanket with time as well as

the increase in oil temperature, the heat transfer starts to

increase beyond 150 �C. However, from this point onward,

the water is under a two-phase flow with some amount of

vapors in it, and hence, the oil is not able to transfer much

heat. Such two-phase flow systems are beyond the scope of

present study and hence have not been considered here.

Convective heat transfer coefficient ‘‘hi’’ comparison at

1200 kg h-1 of oil flow rate is shown in Fig. 9. While the

simulated heat transfer coefficient shows an increasing

trend with a definite gradient, the experimental values show

C
on

ve
ct

iv
e 

he
at

 tr
an

sf
er

 c
oe

ffi
ci

en
t “
h i

”

10000

12000

14000

8000

6000

4000

2000

0
50 75 100 125 150 175 200

hi 1200 hi 900

Temperature/°C

Fig. 7 Variation in simulated convective heat transfer coefficients at

different flow rates

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0

C
on

ve
ct

iv
e 

he
at

 tr
an

sf
er

 c
oe

ffi
ci

en
t “
h i

” hi 900 experimental

hi 900 calculated

50 75 100 125 150 175 200

Temperature/°C

Fig. 8 Convective heat transfer coefficient comparison at 900 kg h-1

of oil flow

720 U. Srivastva et al.

123



increasing trend initially with respect to increase in tem-

perature up to a certain limit and then drop slightly from

100 �C up to about 150 �C from where it again starts to

increase slowly. This trend can be attributed to the fact that

the heat from oil is getting transferred to water through the

heat exchanger surface. Once the steady-state temperature

on the entire contact surface reaches 100 �C, there is a

small amount of vapor blanketing effect on the outer sur-

face where water is the other fluid, owing to which the heat

transfer gets reduced. However, in the experiment within

the capability of the test setup the water was used at 5 bar

pressure as well as in actual application of concentrated

solar power plants where water is at a pressure of about 15

bars. Subsequently, under the combined effect of reduction

in the vapor blanket with time as well as the increase in oil

temperature, the heat transfer starts to increase beyond

150 �C. However, from this point onward, the water is

under a two-phase flow with some amount of vapors in it,

and hence, the oil is not able to transfer much heat to water.

Such two-phase flow systems are beyond the scope of the

present study and hence have not been considered here.

Water side heat transfer coefficient variation

The experimental heat transfer coefficients on the water

side are plotted in Fig. 10 at two different oil flow rates of

900 and 1200 kg h-1, while the water flow rate in the

experiments was kept constant at 1200 kg h-1 based on

initial bench marking studies. The heat transfer coefficient

on the water side is higher for higher flow rate of oil,

signifying that more heat is transferred to water at high

turbulence of heated oil. Further, the heat transfer

coefficients are uniformly increasing with temperature

following almost the same gradient and pattern.

Conclusions

Heat transfer oils are widely used in several industrial

applications including the recently increasing trend of their

use in solar energy applications as thermofluids for heat as

well as power generation. One of the important parameters

to assess the heat transfer capability of oil is thermal

conductivity, but it has been widely reported in the litera-

tures that, especially in case of fluids, and also in cases of

fluids at high temperatures, the measurement methods of

thermal conductivities give high variation and results are

not very reliable. Hence, the obvious difficulty in using the

indirect method of calculating the dimensionless quantities

such as Reynolds numbers, Prandtl number and Nusselt

number based on thermal conductivity, viscosity, density

etc. from which convective heat transfer coefficient can be

derived.

Heat transport properties are very important parameters

in selection of heat transfer oils for a particular application.

Most heat transport properties are determined either at

lower temperatures or based on certain empirical correla-

tions which are normally independent of the nature and

chemistry of the oil. There are a variety of standard as well

as nonstandard test methods being employed by researchers

in evaluation of heat transport properties of oils. Most of

these test methods evaluate the oil properties at low tem-

peratures of below 100 �C and under atmospheric or lower

pressures in the range of 1 bar. Thus, measurement of heat

transport properties such as convective heat transfer coef-

ficients of the oil, in experimental setup correlating as
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much actual operating conditions as possible, is one reli-

able method.

The authors have experimented with a fully synthetic

grade heat transfer oil having kinematic viscosity of 2.48

cst @ 40 �C, flash point of 124 �C and pour point of 12 �C
and used as working fluid in concentrated solar power

plants. The oil was run in a specially designed closed-loop

test setup comprising of electrical heaters to heat the oil to

desired high temperatures of up to 200 �C, heat exchang-
ers, oil pump and instruments to measure online oil prop-

erties like viscosity, density, temperatures, flow rates, etc.

Convective heat transfer coefficients were then calculated

based on the actual heat transfer that takes place from hot

oil flowing in the tubes of the countercurrent heat

exchanger and cold water flowing in the shell side with

temperatures and flow rates being measured after steady-

state conditions are achieved. Based on the extensive test

run with the oil, authors have concluded the following in

the study:

• A comparison of convective heat transfer coefficients

and overall heat transfer coefficients of same oil under

same conditions was carried out in co-current and

countercurrent heat exchangers. Based on the experi-

ments, it was observed that polynomial is the best curve

obtained in case of counterflow heat exchanger with

highest regression coefficients. Counterflow heat

exchanger was then chosen by the authors to carry

out all further analyses and evaluation of heat transfer

properties of oil presented in the paper.

• Contrary to the common belief that the oil that has low

density should also have lower viscosity, a comparison

of the calculated and experimental values of density

and viscosity was made. It was observed that the

experimental values of the density are lower than the

calculated values, while the experimental values of

kinematic viscosity of the oil were found higher than

the calculated values. This phenomenon was attributed

to the synthetic nature of oil.

• The experiments were carried out under two flow rates

of oil, i.e., 900 and 1200 kg h-1. It was seen that the

convective heat transfer coefficient is higher at lower

oil flow rate, with the lower oil flow rate showing more

variation in the values of heat transfer coefficients

obtained. This was attributed to the fact that heat

transfer is not a function of turbulence alone, but it is

also a function of residence time for which the oil is in

contact with the surface of heat exchanger.

• The convective heat transfer coefficients were also

calculated on the basis of empirical correlations at 900

and 1200 kg h-1 of oil flow rate. It was seen that the

convective heat transfer coefficient is higher at higher

oil flow rate and that the variation in the heat transfer

coefficients is almost uniformly patterned contrary to

the experimentally observed values in the study. This

explains that the empirical correlation does not take

into consideration the residence time of oil’s contact

with the surface of heat exchanger.

• With respect to calculations based on empirical corre-

lations and experimentally observed values, a compar-

ison of convective heat transfer coefficient ‘‘hi’’ for oil

at the two flow rates of 900 and 1200 kg h-1 was also

carried out. Under both the flow rates, the empirically

calculated heat transfer coefficients show an increasing

trend with a definite gradient. However, the experi-

mental values show variable trend which is increasing

initially with temperature up to a certain limit and then

drops slightly from a temperature range of 100 to

150 �C, and then, it again starts to increase. This trend

was attributed to the fact that the heat from oil is getting

transferred to water where a small amount of vapor

blanketing effect on the outer surface of tube is

observed. Subsequently, under the combined effect of

reduction in the vapor blanket with time as well as the

increase in oil temperature, the heat transfer starts to

increase in the experiments.

• In case of the convective heat transfer coefficient for

water flowing on the shell side under constant flow rate,

the heat transfer coefficient was found to be higher for

higher flow rate of oil, signifying that more heat is

transferred to water at high turbulence of heated oil.

Further, the heat transfer coefficients are uniformly

increasing with temperature following almost the same

gradient and pattern.

The actual heat transport phenomena may sometimes

vary because the oil may behave in different manner

depending upon its chemistry, which in turn may affect its

wettability of the heat transferring surfaces and also upon

the time for which the oil is in contact with the heat

transferring surfaces. The theoretical or empirical rela-

tionships do not give consideration to the time factor and to

the nature and chemistry of oil. While selecting the oil for

an application, specially for high temperatures beyond

100 �C, it is always good if actual heat transfer phe-

nomenon can be studied experimentally under laboratory

setup in the best possible actual operating conditions. This

is important because oil may behave differently in actual

operating conditions than that postulated in theory and the

experiments shall be useful in optimizing the oil formula-

tion as well as the overall operational cost. Determination

of convective heat transfer coefficient of oil is a useful way

of assessing the heat transport property of oils during its

formulation and research. Convective heat transfer coeffi-

cients can be regarded as the overall effect of all the heat

transport characteristics of oil such as the density,
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viscosity, specific heat capacity and conductivity or heat

diffusivity. Different researchers have used different

methods for evaluating the convective heat transfer coef-

ficient of oils, and so far no test method has been stan-

dardized for the same. There was a need felt for developing

a uniformly acceptable test method that can determine the

overall heat transport properties of oil, such as the con-

vective heat transfer coefficients.
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