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Abstract
Drilling muds are the most applicable fluids in drilling. Two basic types of drilling
fluids are used, water based muds (WBM) and oil based muds (OBM). Water based
muds are more applicable than oil based muds. One of the most important applications
of this fluid is cooling a bit. Chemical engineers try to change drilling mud‘s
rheological property in order to increase heat transfer to the bit. Rheological properties
of drilling muds are well described by the Herschel Bulkley model. Adding polyacrylic
acid to water changes its rheological property to Herschel Bulkley fluid. Standard
equations like Shah and London and Hausen correlations were not able to predict local
Nusselt number of non-Newtonian fluids.This study concerns estimating parameters of a
local Nusselt number of Herschel Bulkley fluids with CuO nanoparticles in four
concentrations of 0.1, 0.3, 0.6 and 0.05% in constant heat flux and laminar region. A
nonlinear optimization algorithm (CMA-ES) was used to estimate local Nusselt number.
There is good agreement between experimental data and those predicted by proposed
correlations with
greater than 0.99.
Keywords: Drilling Muds, Herschel Bulkley Fluid, local Nusselt Number,CMA-ES
Algorithm

1. Introduction∗
Numerous industries such as pharmaceutical,
petrochemical, food industries and electronic
industries deal with the fluid flow behavior
of non-Newtonian fluids due to wide
applications. Drilling fluid is one of the most
applicable ones in chemical engineering.
Drilling fluids perform several functions in
drilling operations including controlling
formation pressures, maintaining hole
integrity and stability, cooling and

lubricating the drill bit and the drill string,
cleaning the bottom hole, and suspending
cuttings in the annulus when circulation is
stopped or carrying them to the surface
during drilling [1]. For having these
properties, they follow the Herschel Bulkley
rheological model and their rheological
properties.
The Herschel Bulkley model is characterized
by the following equation:
(1)
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τ and
are shear stress and fluid yield
stress, γ is shear strain rate and K and n are
fluid consistency and fluid behavior
indices.The Herschel-Bulkley model is
commonly used to describe materials such as
concrete, mud, dough, toothpaste, bentonitebased drilling muds, Minced fish paste, raisin
paste, starch, sodium polyacrylate, phosphate
and polyethylene oxide. Some researchers
investigated heat transfer of Hershel Bulkley
material [2-6], the rheological property of
drilling fluid [7-9] and estimating parameters
using an algorithm[10-13].
The term nanofluid refers to a kind of fluid
consisting of nanometer-sized particles with
high thermal conductivity dispersed in a
common base fluid such as water, a
denomination introduced by Choi [14]. Many
researchers studied the convective heat
transfer of nanofluids in the laminar regime
[15-17], in developing region [18], fully
developed laminar flow regime [19, 20] and
laminar and turbulent region [21, 22]. They
found that the heat transfer coefficient
enhanced with increasing nanoparticles
concentrations. Heat transfer coefficient of
MWCNT nanofluids in the horizontal tube
under laminar flow regime increase with the
axial distance and for fixed axial distance
decrease
with
Reynolds
number
[23].Researchers investigated the laminar
convective heat transfer and viscous pressure
loss for alumina-water and zirconia-water
nanofluids in a flow loop with a vertical
heated tube [24]. They showed that the heat
transfer coefficients in the entrance region
and in the fully developed region increased
by 17% and 27%, respectively, for alumina–
water nanofluid at 6 vol.% with respect to
pure water. Moreover, heat transfer

18

coefficient of zirconia–water nanofluid increased approximately 2% in the entrance
region and 3% in the fully developed region
at 1.32 vol%.
Recently, some researchers studied nonNewtonian nanofluid, where the increased
nanoparticles concentration in a solution of
carboxymethyl cellulose improved heat
transfer [25, 26], thermal conductivity [27],
rheological characteristics of non-Newtonian
nanofluids [28] and heat transfer of
polyacrylic acid nanofluids [29].Some
authors use integral transform method in
annular duct [30] and circular tube and
parallel plate duct [31], Simplified Method
[32] and finite volume [33] to calculate
Nusselt correlation of Herschel Bulkley fluid.
Covariance matrix adaptation evolution
strategy (CMA-ES) [34, 35] was evaluated
for estimating parameters of Nusselt
correlation for Herschel Bulkley nanofluid
with constant heat flux boundary condition.
As the performance of this method in
prediction of complicated equations is high,
this method is used for prediction of Nusselt
number in Herschel Bulkely nanofluids.
CMA-ES has rarely been used in chemical
engineering [36, 37]. They found that CMAES is a reliable algorithm for estimating
parameters. In this article, new local Nusselt
correlations were suggested for Hershel
Bulkley fluid with CuO nanoparticle by
using CMA-ES algorithm.
2. Covariance matrix adaptation evolution
strategy algorithm (CMA-ES)
CMA-ES was introduced by Hansen and
Ostermeier in 1996. CMA-ES is a state-ofthe-art stochastic and iterative optimization
algorithm where, at each iteration, population
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of candidate solution is sampled. The initial
population is generated by sampling a
multivariate normal distribution. One of the
most important properties of the CMA-ES is
its invariance [38, 39]. Invariance properties
are invariance to order preserving, invariance
to angle preserving, scale invariance,
invariance to scaling of variable and
invariance to any invertible linear
transformation of the search space where the
first two of them are more important
[35].CMA-ES has two methods of
derandomized
and
cumulation,
in
derandomized mutation distribution changes
deterministically. It will happen by gathering

information about successful search steps and
using them to modify the covariance matrix
mutation distribution so that the probability
of the previously successful step is
increased.With cumulation, the information
from the past generations is used in the selfadaptation by considering the search-path the
population has undergone [40]. Offspring
generation, selection and recombination,
adapting the covariance matrix and step size
control are four important operators in the
process of evolution [41, 35]. A simplified
algorithm taken from Hansen [35] is
presented in Fig. 1.

Step 1: Set parameters and initialization
, learning rate for the
Set parameters: population size , parent number , recombination weights
cumulation for the step size control , damping parameters , learning rate for the cumulation for the rankone update , and to their default values. [35]
Set evolution paths , , covariance matrix
, and iteration number g=0.
Choose distribution mean and step size is .
Step 2: Evolution loop
Stop when termination criterion is met, g=g+1
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Figure 1. Simplified algorithm of CMA-ES.
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3. Standard correlations
Heat transfer in the pure liquids is usually
characterized by using dimensionless
parameters such as Nusselt, Graetz,
Reynoldsand Prandtl numbers. The local
Nusselt number in laminar flow with
constant heat flux can be calculated as a
function of the Graetz number. There are
some standard correlations for calculating the
Nusselt number in the circular tube. In this
part, two of them are introduced and used for
optimization.
3-1.The Shah and London correlation

Shah and London proposed a correlation to
calculate local Nusselt number in thermally
developing region with uniform heat flux in
1975[42].
1.953
4.364

33.3
0.0722

1.953
4.364

33.3

33.3
0.0722

33.3

(11)
3-2. The Hausen correlation

Hausen empirical correlation is used for
outer tube flow with constant surface
temperature, hydrodynamically developed
and thermally developing flow. This
correlation is good for both liquids and gases
[43, 44].
3.66

.

(12)
.

4. Optimizations
Both Shah and Hausen correlations were not
able to predict non-Newtonian behavior
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are
precisely.Their standard deviations (
3.334 and 4.6969, respectively.This work is
based on constant heat flux and as Shah
correlation is suggested for constant heat
flux, it has better performance than Hausen,
which is suggested for constant temperature.
In order to evaluate the local Nusselt
correlation, standard correlation forms were
selected and separate codes were written for
them in MATLAB R2013b. Local Nusselt
was estimated in 5, 21, 39, 56, 73.5, 91,
108.5 and 125.5cm of pipe and diameter of
1cm. Reynolds number was in the range of
600 to 2000 and Prantel was in range of
4.412 to 7.083. Estimation was evaluated
under 160 data of an aqueous polymer
solution of 0.2% w/w polyacrylic acid in
water with CuO nanoparticle [29, 45]. Each
optimization was done for different
concentrations of 0.1, 0.3, 0.6 and 0.05
percent of CuO in an aqueous solution of
polyacrylic acid. Less than half of the data
were carried out to evaluate the proposed
correlations. First, it was checked with Shah,
which is simpler and later Hausen. As CMAES is a novel and robust evolutionary
algorithm, this method is used for prediction.
CMA-ES is a reliable method to find the
global minimum more dependably and
accurately in 50 iterations than Firefly
Algorithm(FA)and
Shuffled
Complex
Evolution (SCE) [36].CMA-ES is more
robust
than
Real
coded
Genetic
Algorithm(RGA) and BLT method [46].
CMA-ES implements a principle component
analysis of the previously selected mutation
steps to determine the new mutation
distribution [41]. Each new population forms
a new generation until a certain termination
criterion is met. Implementation of
optimization will stop when four situations
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happen namely, stop when the fitness value
is reached, stop when maximum iteration is
reached, stop when the covariance matrix is
numerically not positive definite and finally
when the all standard deviations are smaller
than what was given to tolerance [47]. In
CMA-ES population size , parent number
and recombination weight
should be set
accurately so that other parameters such as
, , ,
and
can be derived from
them. Pertinent details of parameters used in
this work are summarized in Table 1.
Table 1. Selected value of parameter used in
implementation of CMA-ES.
Method Parameter
Selected value
0.5
3D (Shahand London

CMA-ES

5. Results and discussion
All optimizations were carried out with
CMA-ES algorithm code obtained by Hansen
[35]. CMA-ES is shown as a reliable method
for estimating parameters. Correlation (13)
was obtained after 121 iterations and 728
NFE and correlation (14) was obtained after
347 iterations and 2778 NFE. Increasing the
population in many cases, considerably
increases the performance of the algorithm
[48]. In Table 2 the modified correlations
derived by CMA-ES algorithm for HerschelBulkley nanofluid containing CuO particles
are listed. Figs.2 and 3 show the comparison
of modified correlations in six different
Reynolds numbers with standard deviation
( ) and R square (
.

correlation)

N

4D (Hausen correlation)
Table 2.Correlations derived by CMA-ES.
Correlation

Correlation name

Correlation
number

Modify Shah

(13)

Modify Hausen

(14)

.

.

.

.
.
.

.

∑

1

(15)
∑

.∑
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1800

Re
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Figure 2. Comparing

0.9955

0.9960

0.9965

0.9970
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of derived correlations with different Reynolds number.
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Figure 3. Comparing standard deviation of derived correlations with different Reynolds number.

The maximum
of the modified Shah and
modified Hausen were 0.4439 and 0.4284,
respectively. In general, the modified Hausen
equation was found to be superior to the
modified Shah, even though their difference
is negligible.
The local Nusselt number decreases with the
increase of axial distance because the
boundary layer thickness increases with axial
distance. Suspended particles in a fluid
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migrate from the high shear rate region to the
low shear rate region [16]. Due to this
phenomenon, nanoparticles concentration
and thus apparent viscosity of the nanofluid
decrease near the wall and as a result, cause
smaller boundary layer thickness [29].
Furthermore, the stochastic movement of
particles causes the increase of temperature
difference and rate of heat transfer will
increase.
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Fig.4 (A, B) shows difference between the
modified correlations, Herschel Bulkley
nanofluid experimental data and base
correlations. The equations derived by CMAES have a good agreement with experimental
data. CMA-ES used derandomization to
increase the probability of producing
previously selected mutation steps again[41].
The unique feature of CMA-ES is the
mutation procedure. It is carried out each
generation after the best search points are
selected and, during the recombination step,
their weight is computed. By mutation,
Gaussian noise is added, which is determined
by a correlated sample distribution that is
continuously adapted during the optimization
procedure. Later, CMA-ES learns the pairwise dependencies of the decision parameters
by updating a covariance matrix of the

sample distribution [47]. This way, it adapts
to the structure of the objective function and
quasi exploits second-order information. It is
implemented in a way that this updating
mechanism is independent of the coordinate
system, which makes this evolution strategy
an efficient and robust solver and enables it
to predict data in a better way. Power law
index (n) of
and
of Herschel
Bulkley nanofluid decreases with increasing
particle concentration, however CuO
increase.
Thermal
conductivity
and
consistency indices of
,
and CuO
nanofluids increase with increasing particle
concentration [29]. Proposed correlations for
CuO were evaluated for
and
particles in Fig. 5. Fig. 5 shows the proposed
correlations were able to predict other
nanoparticles local Nusselt well.
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Figure 4. (a, b). Comparing proposed correlations with experimental data.
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Figure 5. Comparing prediction of proposed correlations for different nanoparticles.

This methodology is not limited to
polyacrylic acid, it can be used for other
drilling fluids like carboxymethyl cellulose
(CMC) and PHPA. New correlations have
been determined to predict minimum
agitation speed
for solid suspension in
non-Newtonian fluids of carboxymethylcellulose (CMC+water) and polyacrylic acid
(PAA+water) by using CMA-ES algorithm
and the method was sufficient for both nonNewtonian fluids [49].
6. Conclusions
Due to the limits of applicability of the
Nusselt correlations in predicting Nusselt
number of non-Newtonian fluids, two new
correlations to handle a local Nusselt number
of Herschel Bulkley nanofluid were
introduced in this paper. A nonlinear
optimization algorithm, CMA-ES was used
to estimate the parameters of the Shah and
London and Hausen correlations. CMA-ES
has a good performance for optimizing
simple correlation like Shah and London and
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complicated one like Hausen. CMA-ES was
found to be an effective and reliable
algorithm to find the global minimum. In
CMA-ES the first population is generated
based on the number of dimensions while in
selection, best search points are selected.
Also, during recombination their weights are
calculated and step size and covariance
matrix were updated accordingly. This cycle
is repeated until one stopping criterion is
met.The proposed correlations were not only
sufficient to calculate local Nusselt number
of an aqueous solution of polyacrylic acid
with CuO nanoparticles but also are good for
other nanoparticles like TiO2 and
in
laminar flow with constant heat wall flux at
each position of the tube.

Nomenclature
K
Constant in Herschel Bulkley mosel
Nu
Re

Nusselt number (dimension less)
Reynolds number (dimension less)
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Pr
d
x
n

Prantl number (dimension less)
Diameter of the tube (cm)
Distance along axis (cm)
Flow behavior index (dimension less)
Covariance matrix
D
Diagonal matrix
B
Orthogonal matrix
R square
Mean of experimental data
n
number of data
SD Standard deviation
NFE Number of Function Evaluations
Greek Symbols

Shear stress (Pa)
Yield stress (Pa)
Shear strain rate
Step size
Subscripts

Exp Experimental
Cal calculated
References
[1] Skalle, P., Drilling fluid engineering,
Bookboon, (2010).
[2] da Silva, J.Q., Soares, E.J., Ramos, R.
and Andrade, R.M., "Heat transfer to
Herschel–Bulkley materials flowing in
the entrance of tubes with an imposed
wall temperature profile", J. Braz. Soc.
Mech. Sci., 36(2), 245, (2014).
[3] Nadeem, S. and Akbar, N.S., "Influence
of heat transfer on a peristaltic transport
of Herschel–Bulkley fluid in a nonuniform inclined tube", Commun.
Nonlinear Sci., 14(12), 4100, (2009).
[4] Soares, E.J., Naccache, M.F. and Souza
Mendes, P.R., "Heat transfer to
viscoplastic materials flowing axially
through concentric annuli", Int. J. Heat
Fluid Fl., 24(5), 762, (2003).

[5]

Sayed-Ahmed, M., Saif-Elyazal, A. and
Iskander, L., "Laminar Flow and Heat
Transfer of Herschel-Bulkley Fluids in
a Rectangular Duct; Finite-element
analysis", Tamk. J. Sci. Eng., 12(1), 99,
(2009).
[6] Nouar, C., Desaubry, C. and Zenaidi,
H., "Numerical and experimental
investigation of thermal convection for
a thermodependent Herschel-Bulkley
fluid in an annular duct with rotating
inner cylinder", Eur. J. Mech-B Fluid.,
17(6), 875, (1998).
[7] Baba Hamed, S. and Belhadri, M.,
"Rheological properties of biopolymers
drilling fluids", J. Petrol. Sci. Eng.,
67(3), 84, (2009).
[8] Kelessidis,
V.,
Maglione,
R.,
Tsamantaki, C. and Aspirtakis, Y.,
"Optimal determination of rheological
parameters
for
Herschel–Bulkley
drilling fluids and impact on pressure
drop, velocity profiles and penetration
rates during drilling", J. Petrol. Sci.
Eng., 53(3), 203, (2006).
[9] Ditchfield, C., Tadini, C., Singh, R. and
Toledo, R., "Velocity and temperature
profiles, heat transfer coefficients and
residence time distribution of a
temperature
dependent
Herschel–
Bulkley fluid in a tubular heat
exchanger", J. Food Eng., 76(4), 632,
(2006).
[10] Rooki, R., Ardejani, F.D., Moradzadeh,
A., Mirzaei, H., Kelessidis, V.,
Maglione, R. and Norouzi, M.,
"Optimal determination of rheological
parameters
for
Herschel-Bulkley
drilling fluids using genetic algorithms
(GAs)", Korea-Aust. Rheol. J., 24(3),
163, (2012).
[11] Mitsoulis, E., Abdali, S. and Markatos,

Iranian Journal of Chemical Engineering, Vol.11, No. 2

25

Determination of Nusselt Number of Herschel BulkleyNanofluids by Using CMA-ES Algorithm

[12]

[13]

[14]

[15]

[16]

[17]

[18]

26

N., "Flow simulation of HerschelBulkley fluids through extrusion dies",
The Can. J. Chem. Eng., 71(1), 147,
(1993).
Chaudhuri, A., Wereley, N.M.,
Radhakrishnan, R. and Choi, S.,
"Rheological parameter estimation for a
ferrous nanoparticle-based magnetorheological fluid using genetic
algorithms", J. Intel. Mat. Syst. Str.,
17(3), 261, (2006).
Chaudhuri, A., Wereley, N.M., Kotha,
S., Radhakrishnan, R. and Sudarshan,
T.S., "Viscometric characterization of
cobalt nanoparticle-based magnetorheological
fluids
using
genetic
algorithms", J. Magn. Magn. Mater.,
293(1), 206, (2005).
Choi, S.U. and Eastman, J., Enhancing
thermal conductivity of fluids with
nanoparticles., Argonne National Lab.,
IL (United States), (1995).
Wen, D. and Ding, Y., "Experimental
investigation into convective heat
transfer of nanofluids at the entrance
region under laminar flow conditions",
Int. J. Heat Masstran., 47(24), 5181,
(2004).
Zeinali Heris, S., Etemad, S.G. and
Nasr Esfahany, M., "Experimental
investigation of oxide nanofluids
laminar flow convective heat transfer",
Int. Commun. Heat Mass Tran., 33(4),
529, (2006).
Xie, H., Li, Y. and Yu, W.,
"Intriguingly high convective heat
transfer enhancement of nanofluid
coolants in laminar flows", Physics
Letters A., 374(25), 2566, (2010).
Anoop, K., Sundararajan, T. and Das,
S.K., "Effect of particle size on the
convective heat transfer in nanofluid in

[19]

[20]

[21]

[22]

[23]

[24]

the developing region", Int. J. Heat
Mass Tran., 52(9), 2189, (2009).
Hwang, K.S., Jang, S.P. and Choi, S.U.,
"Flow and convective heat transfer
characteristics of water-based Al2O3
nanofluids in fully developed laminar
flow regime", Int. J. Heat Mass Tran.,
52(1), 193, (2009).
Heyhat, M., Kowsary, F., Rashidi, A.,
Momenpour, M. and Amrollahi, A.,
"Experimental investigation of laminar
convective heat transfer and pressure
drop of water-based Al2O3 nanofluids
in fully developed flow regime", Exp.
Therm. Fluid Sci.,44, 483, (2013).
Amrollahi, A., Rashidi, A., Lotfi, R.,
Emami Meibodi, M. and Kashefi, K.,
"Convection
heat
transfer
of
functionalized MWNT in aqueous
fluids in laminar and turbulent flow at
the entrance region", Int. Commun.
Heat Mass Tran., 37(6), 717, (2010).
He, Y., Jin, Y., Chen, H., Ding, Y.,
Cang, D. and Lu, H., "Heat transfer and
flow behaviour of aqueous suspensions
of TiO2 nanoparticles (nanofluids)
flowing upward through a vertical
pipe", Int. J. Heat Mass Tran., 50 (11),
2281, (2007).
Garg, P., Alvarado, J.L., Marsh, C.,
Carlson, T.A., Kessler, D.A. and
Annamalai, K., "An experimental study
on the effect of ultrasonication on
viscosity and heat transfer performance
of multi-wall carbon nanotube-based
aqueous nanofluids", Int. J. Heat Mass
Tran., 52(21), 5090, (2009).
Rea, U., McKrell, T., Hu, L.W. and
Buongiorno, J., "Laminar convective
heat transfer and viscous pressure loss
of alumina–water and zirconia–water
nanofluids", Int. J. Heat Mass Tran.,

Iranian Journal of Chemical Engineering, Vol. 11, No. 2

Esmaeilizadeh Davani, Mohebbi Najm Abad, Mollaabbasi

[25]

[26]

[27]

[28]

[29]

[30]

[31]

52(7), 2042, (2009).
Soltani, S., Etemad, S.G. and Thibault,
J., "Pool boiling heat transfer of nonNewtonian nanofluids", Int. Commun.
Heat Mass Tran., 37(1), 29, (2010).
Hojjat, M., Etemad, S.G., Bagheri, R.
and Thibault, J., "Convective heat
transfer of non-Newtonian nanofluids
through a uniformly heated circular
tube", Int. J. Therm. Sci., 50(4), 525,
(2011).
Hojjat, M., Etemad, S.G., Bagheri, R.
and Thibault, J., "Thermal conductivity
of
non-Newtonian
nanofluids:
Experimental data and modeling using
neural network", Int. J. Heat Mass tran.,
54(5), 1017, (2011).
Hojjat, M., Etemad, S.G., Bagheri, R.
and
Thibault,
J.,
"Rheological
characteristics
of
non-Newtonian
nanofluids: experimental investigation",
Int. Commun. Heat Mass Tran., 38(2),
144, (2011).
Mollaabbasi, R., Noie, S.H. and Heris,
S.Z., "Experimental Investigation of the
Effect Exerted by Nanoparticles on the
Heat
transfer
Coefficient
of
Herschel−Bulkley Fluids", Heat Transf
Res., 45, 1064, (2014).
Viana, M.J.G., Nascimento, U.d.C.S.,
Quaresma, J.N.N. and Macêdo, E.N.,
"Integral transform method for laminar
heat transfer convection of herschelbulkley fluids within concentric annular
ducts", Braz. J. Chem Eng.,18(4), 337,
(2001).
Quaresma, J.N.N. and MACÊDO, E.N.,
"Integral transform solution for the
forced convection of Herschel-Bulkley
fluids in circular tubes and parallelplates ducts", Braz. J. Chem. Eng., 15,
(1998).

[32] Cruz, D., Coelho, P. and Alves, M., "A
simplified method for calculating heat
transfer coefficients and friction factors
in laminar pipe flow of non-Newtonian
fluids", J. Heat Tran., 134(9), 091703,
(2012).
[33] Soares, M., Naccache, M.F. and Souza
Mendes, P.R., "Heat transfer to
viscoplastic materials flowing laminarly
in the entrance region of tubes", Int. J.
Heat Fluid Fl.,20(1), 60, (1999).
[34] Hansen, N., Ostermeier, A. and
Gawelczyk, A., "On the adaptation of
arbitrary normal mutation distributions
in evolution strategies: The generating
set adaptation", ICGA. pp. 57-64
(1995).
[35] Hansen, N., "The CMA evolution
strategy: A tutorial", Vu le., 29, (2005).
[36] Fateen, S.E.K., Bonilla-Petriciolet, A.
and Rangaiah, G.P., "Evaluation of
covariance matrix adaptation evolution
strategy, shuffled complex evolution
and firefly algorithms for phase
stability, phase equilibrium and
chemical equilibrium problems", Chem.
Eng. Res Des., 90(12), 2051, (2012) .
[37] Nagy, B., Măicăneanu, A., Indolean,
C., Mânzatu, C., Silaghi-Dumitrescu, L.
and Majdik, C., "Comparative study of
Cd (II) biosorption on cultivated
Agaricusbisporus and wild Lactariuspiperatus based biocomposites. Linear
and nonlinear equilibrium modelling
and kinetics", J. Taiwan Inst. Chem.
Eng., 45(3), 921, (2014).
[38] Hansen, N., "Invariance, self-adaptation
and correlated mutations in evolution
strategies", Parallel Problem Solving
from Nature PPSN VI., pp. 355-364
(2000).
[39] Igel, C., Hansen, N., and Roth, S.,

Iranian Journal of Chemical Engineering, Vol.11, No. 2

27

Determination of Nusselt Number of Herschel BulkleyNanofluids by Using CMA-ES Algorithm

[40]

[41]

[42]

[43]

[44]

28

"Covariance matrix adaptation for
multi-objective optimization", Evol.
comput.,15(1), 1, (2007).
Suominen, P., Brink, A. and Salmi, T.,
"Parameter estimation of complex
chemical kinetics with covariance
matrix adaptation evolution strategy",
Match-Commun Math l and Co., 68(2),
469, (2012).
Hansen, N. and Ostermeier, A.,
"Completely
derandomized
selfadaptation in evolution strategies",
Evol. comput., 9(2), 159, (2001).
Shah, R., "Thermal entry length
solutions for the circular tube and
parallel plates", Proc. 3rd National Heat
Mass Transfer Conference, Indian
Institute of Technology, Bombay, 1,
(1975).
Hausen,
H.,
"Darstellung
des
Warmeuberganges in Rohren durch
verallgemeinerte Potenzbeziehungen",
Z. VDI Beih, Verfahrenstech, 491,
(1943).
Hausen, H., "Neue Gleichungen für die
Wärmeübertragung bei freier und
erzwungener
Strömung",
Allg,
Wärmetech, 9(4), 5, (1959).

[45] Mollaabbasi, R.,"Experimental study of
mixing and heat transfer of nonNewtonian micro/nano two phase
fluids, in Chemical engineering", Ph.D.
thesis,
Ferdowsi
University
of
Mashhad, Iran, (2013).
[46] Willjuice Iruthayarajan, M. and Baskar,
S., "Covariance matrix adaptation
evolution strategy based design of
centralized PID controller", Expert
Syst. Appl., 37(8), 5775, (2010).
[47] Hansen,
N.,
Müller,
S.
and
Koumoutsakos, P., "Reducing the time
complexity of the derandomized
evolution strategy with covariance
matrix adaptation (CMA-ES)", Evol.
Comput., 11(1), 1, (2003).
[48] Hansen, N. and Kern, S., "Evaluating
the CMA evolution strategy on
multimodal test functions", Parallel
Problem Solving from Nature-PPSN
VIII, pp. 282-291, (2004).
[49] Esmaeilizadeh Davani, M., "Using
CMA-ES algorithm to determine N_js
parameters in non-newtonian two-phase
fluids",
M.SC.
thesis,
Quchan
University of Advanced Technology,
Iran, (2014).

Iranian Journal of Chemical Engineering, Vol. 11, No. 2

