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The boundary layer flow induced in a nanofluid due to a linearly stretching sheet is studied numerically. 

The transport equations include the effects of Brownian motion and thermophoresis. Unlike the 

commonly employed thermal conditions of constant temperature or constant heat flux, the present 

study uses a convective heating boundary condition. The solutions for the temperature and nanoparticle 

concentration distributions depend on five parameters, Prandtl number Pr, Lewis number Le, the 

Brownian motion parameter Nb, the thermophoresis parameter Nt, and convection Biot number Bi. 

Numerical results are presented both in tabular and graphical forms illustrating the effects of these 

parameters on thermal and concentration boundary layers. The thermal boundary layer thickens with 

a rise in the local temperature as the Brownian motion, thermophoresis, and convective heating each 

intensify. The effect of Lewis number on the temperature distribution is minimal. With the other 

parameters fixed, the local concentration of nanoparticles increases as the convection Biot number 

increases but decreases as the Lewis number increases. For fixed Pr, Le, and Bi, the reduced Nusselt 

number decreases but the reduced Sherwood number increases as the Brownian motion and thermo- 

phoresis effects become stronger. 

   
 

  

 

 

1. Introduction 

 
The fluid flow over a stretching surface is important in appli- 

cations such as extrusion, wire drawing, metal spinning, hot rolling, 

etc [1e3]. It is crucial to understand the heat and flow character- 

istics of the process so that the finished product meets the desired 

quality specifications. A wide variety of problems dealing with heat 

and fluid flow over a stretching sheet have been studied with both 

Newtonian and non-Newtonian fluids and with the inclusion of 

imposed electric and magnetic fields, different thermal boundary 

conditions, and power law variation of the stretching velocity. Both 

similarity as well as direct numerical solutions of the convective 

transport equations have been reported. A representative sample of 

the recent literature on the topic is provided by references [4e12]. 

In the past few years, convective heat transfer in nanofluids has 

become a topic of major contemporary interest. The word “nano- 

fluid” coined by Choi [13] describes a liquid suspension containing 

ultra-fine  particles  (diameter  less  than  50  nm).  Experimental 

studies (e.g. [14e19]) show that even with small volumetric fraction 
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of nanoparticles (usually less than 5%), the thermal conductivity of 

the base liquid is enhanced by 10e50% with a remarkable 

improvement in the convective heat transfer coefficient. The liter- 

ature on nanofluids has been reviewed by Trisaksri and Wongwises 

[20], Wang and Mujumdar [21], Eastman et al. [22], and Kakac and 

Pramuanjaroenkij [23], among several others. These reviews discuss 

in detail the work done on convective transport in nanofluids. In 

a recent paper, Boungiorno [24] evaluated the different theories 

explaining the enhanced heat transfer characteristics of nanofluids. 

He showed that the high heat transfer coefficients in nanofluids 

cannot be explained satisfactorily by thermal dispersion phenom- 

enon or increase in turbulence intensity promoted by the presence 

of nanoparticles or nanoparticle rotation as suggested in the liter- 

ature. He developed an analytical model for convective transport in 

nanofluids which takes into account the Brownian diffusion and 

thermophoresis. The Boungiorno [24] model has recently been used 

by Kuznetsov and Nield [25] to study the natural convective flow of 

a nanofluid over a vertical plate. Their similarity analysis identified 

four parameters governing the transport process, namely a Lewis 

number Le, a buoyancy-ratio number Nr, a Brownian motion 

number Nb, and a thermophoresis number Nt. The same authors 

later extended the work to a nanofluid saturated porous medium 

[26]. In a recent paper Khan and Pop [27] used the model of 
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Nomenclature 

 

a a positive constant associated with linear stretching 

Bi Biot  number 

DB Brownian  diffusion  coefficient 

DT thermophoretic   diffusion   coefficient 

f(h) dimensionless stream function 

g acceleration due to gravity 

h convective heat transfer coefficient 

k thermal conductivity of base fluid 

Le Lewis number, defined by Eq. (14) 

Nb Brownian motion parameter, defined by Eq. (14) 

Nt thermophoresis parameter, defined by Eq. (14) 

Nu Nusselt number, defined by Eq. (17) 

Nur Reduced Nusselt number, defined by Eq. (15) 

Pr Prandtl  number 

p pressure 

qm wall mass flux 

qw wall heat flux 

Rex local Reynolds number, defined by Eq. (17) 

Sh Sherwood number, defined by Eq. (17) 

Shr Reduced Sherwood number, defined by Eq. (15) 

T local fluid temperature 

Tf temperature of the hot fluid 

 

Tw sheet surface (wall) temperature 

TN ambient temperature 

u, v velocity components along x and y directions 

x coordinate along the sheet 

y coordinate normal to the sheet 

C nanoparticle  volume  fraction 

Cw nanoparticle volume fraction at the sheet surface 

(wall) 

CN nanoparticle volume fraction at large values of y 

(ambient) 

 

Greek symbols 

a thermal diffusivity of the base fluid 

4 dimensionless  nanoparticle volume  fraction 

h similarity   variable 

q dimensionless     temperature 

m absolute viscosity of the base fluid 

n kinematic viscosity of the base fluid 

rf density of base fluid 

rp nanoparticle mass density 

(rc)f heat capacity of the base fluid 

(rc)p heat capacity of the nanoparticle material 

s (rc)p/(rc)f 

j stream function 

 

Kuznetsov and Nield [25] to study the boundary layer flow of 

a nanofluid past a stretching sheet with a constant surface 

temperature. Following the work of Khan and Pop [27], it seemed 

vu vv 

vx 
þ 
vy 

¼ 0; (1) 

appropriate to us to generalize their analysis to a convective vu vu 1 vp 

 
v

2u v
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boundary condition instead of an isothermal condition. Aziz [28] has 

previously used a convective boundary condition to study the 
u
vx 

þ v
vy  

¼ þ n vx2 
þ

 vy2 
; (2) 

Blassius flow over a flat plate. Following his paper, several authors 
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have used the convective boundary condition to revisit the problems 

that were previously studied with the isothermal or the isoflux 

boundary conditions. A few examples are the papers by Bataller [29], 

u
vx 

þ v 
¼ þ n rf 

vx2 
þ 
vy2 

; (3) 

Yao et al. [30], Makinde and Aziz [31], Makinde and Olanrewaju [32], vT vT 
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Magyari [33], Bachok et al. [34], Bachok et al. [35], Ahmad and Pop 

[36], Yacob et al. [37] and Ishak [38]. 
u
vx 

þv
vy 

¼ a vx2 
þ
vy2 

In this paper, our main objective is to investigate the effect of 
(  
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a convective boundary condition on boundary layer flow, heat 
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a nanofluid. The governing boundary layer equations have been vC vC 

 
v

2C v
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! 
D v

2T v
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T

 ! 
transformed to a two-point boundary value problem in similarity 
variables, and these have been solved numerically. The effects of 

embedded parameters on fluid velocity, temperature and particle 

u
vx 

þ v
vy 

¼ DB vx2 
þ 
vy2 

þ  
TN

 
vx2 

þ 
vy2 

; (5) 

concentration have been shown graphically. It is hoped that the 

results obtained will not only provide useful information for 

applications, but also serve as a complement to the previous studies. 

 
2. Convective transport equations 

 
Consider steady two-dimensional (x, y) boundary layer flow of 

a nanofluid past a stretching sheet with a linear velocity variation 

with the distance x i.e. uw ¼ ax where a is a real positive number 

and x is the coordinate measured from the location where the sheet 

velocity is zero as shown in Fig. 1 below: 

The sheet surface temperature Tw, to be determined later, is the 

result of a convective heating process which is characterized by 

a temperature Tf and a heat transfer coefficient h. The nanoparticle 

volume fraction C at the wall is Cw, while at large values of y, the 

value is CN. The Boungiorno [24] model may be modified for this 
problem to give the following continuity, momentum, energy, and 

volume fraction equations [27] 

where u and v are the velocity components along the x  and y 

directions, respectively, p is the fluid pressure, rf is the density of 

base fluid, n is the kinematic viscosity of the base fluid, a is the 

thermal diffusivity of the base fluid, s ¼ (rc)p/(rc)f is the ratio of 

nanoparticle heat capacity and the base fluid heat capacity, DB is the 

Brownian diffusion coefficient, DT is the thermophoretic diffusion 
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Fig. 1.  Geometry of the problem. 
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coefficient and T is the local temperature. The subscript N denotes 

the values at large values of y where the fluid is quiescent. The 

boundary conditions may be written as 

 
Table 2 

Comparison of results for the reduced Nusselt number (   q0 (0)) and reduced Sher- 

wood number (  f0 (0)) with Le ¼ 10, Pr ¼ 10, Bi ¼ N. 

 vT  

y ¼ 0;    u ¼ ax;    v ¼ 0;       k
vy 

¼ h 
Tf      T ;   C ¼ Cw; (6) 

y/N; u ¼ 0; v ¼ 0; T ¼ TN; C ¼ CN: (7) 

We introduce the following dimensionless quantities 
 

h ¼ ða=nÞ1=2 y; j ¼ ðanÞ1=2 xf ðhÞ; q ¼  
T    TN 

; f 
Tf       TN 

 C    CN   

¼ 
Cw       CN

;
 

(8) 
 

 

Here,  we  note  that  Eq.  (9)  together  with  the  corresponding 

where j is the stream function with u ¼ vj=vy; v ¼   vj=vx and 

f0 ¼ u/uw ¼ u/ax. The continuity is thus identically satisfied. An 

order-of-magnitude analysis of the y direction momentum equa- 

tion (normal to the sheet) using the usual boundary layer 

approximations 
 

u[v 

vu vu vv vv 

vy
[
vx

; 
vx

; 
vy 

shows that vp=vy ¼ 0. 

Thus neglecting the pressure gradient in the y direction, the 

momentum, energy, and volume fraction (concentration) equations 

and the boundary conditions reduce to the following system of 

similarity equations. 

boundary conditions on f provided by Eq. (12) has a closed form 

solution which is given by 

f ðhÞ  ¼ 1   e h
: (15) 

In Eq. (14), Pr, Le, Nb, Nt and Bi denote the Prandtl number, the 

Lewis number, the Brownian motion parameter, the  thermopho- 

resis parameter, and the Biot number, respectively. The reduced 

Nusselt number Nur and the reduced Sherwood number Shr may 

found in terms of the dimensionless temperature at the sheet 

surface, q0 (0) and the dimensionless concentration at the sheet 

surface, f0 (0), respectively i.e. 
 

Nur ¼ Re  
1=2  

Nu ¼    q
0
ð0Þ; (16) 

x 

 
 

000 

f þ ff 00      f 02  ¼ 0; (9) Shr ¼ Re  
1=2  

Sh ¼    f0 ð0Þ; (17) 
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; (18) 

f00 þ Le f f0 þ 
Nt 

q
00  

¼ 0; (11) kðTw      TNÞ DBðfw          fNÞ n 
Nb 

subject to the following boundary conditions. 
 

f ð0Þ ¼ 0; f 0ð0Þ ¼ 1;  q
0 
ð0Þ ¼  Bi½1   qð0Þ ;   fð0Þ ¼ 1; (12) 

 

f 0ðNÞ  ¼ 0; qðNÞ  ¼ 0; fðNÞ  ¼  0; (13) 

where primes denote differentiation with respect to h and the five 

parameters appearing in Eqs. (9e12) are defined as follows, 

where qw is the surface (wall) heat flux and qm is the surface (wall) 

mass flux. 

 

3. Results and discussion 

 
Eqs. (9e11) subject to the boundary conditions, Eqs. (12) and 

(13), were solved numerically using Maple 14.0. This software uses 

a fourth-fifth order RungeeKuttaeFehlberg method as the default 

method  to  solve  the  boundary  value  problems  numerically.  Its 

n 

Pr ¼ 
a
 

n 
Le ¼ ; Nb ¼ 

B 

ðrcÞpDBðCw     CNÞ 

ðrcÞ n 
;
 

 

 
(14) 

accuracy and robustness have been repeatedly confirmed in our 

previous publications [28,31,32]. As a further check on the accuracy 

of our numerical computations, we compare our results with Khan 

Nt ¼ 
ðrcÞpDT   Tf       TN

 
 

; Bi ¼ 
ðrcÞf nTN 

hðn=aÞ1=2
 

k 
: 

and Pop [27], Wang [39], and Gorla and Sidawi [40] in Table 1. These 

results pertain to a circumstance when the stretching sheet is at 

a constant temperature and the Brownian and the thermophoresis 

With Nb ¼ 0, there is no thermal transport due to buoyancy 

effects created as a result of nanoparticle concentration gradients. 
effects are absent, that is, the fluid is a regular fluid with no 

nanoparticles. The constant temperature results were recovered by 

using a value of Bi ¼ N in the third boundary condition in Eq. (12) 
 

Table 1 

Comparison of results for the reduced Nusselt number    q0 (0) with Nb ¼ Nt ¼ 0, 

Bi ¼ 1000. 
 

 

Pr Khan and Pop [27]   Wang [39]   Gorla and Sidawi [40]   Present results 

 

 
Table 3 

Computations showing the reduced Nusselt number (   q0 (0)) when Le ¼ 10, Pr ¼ 10, 

Bi ¼ 0.1. 

 

0.07 0.0663 0.0656 0.0656 0.0656 Nt Nur Nur Nur Nur Nur 

0.20 0.1691 0.1691 0.1691 0.1691 
 

(Nb ¼ 0.1) (Nb ¼ 0.2) (Nb ¼ 0.3) (Nb ¼ 0.4) (Nb ¼ 0.5) 

0.70 0.4539 0.4539 0.5349 0.4539 0.1 0.0929 0.0873 0.0769 0.0597 0.0383 

2.00 0.9113 0.9114 0.9114 0.9114 0.2 0.0927 0.0868 0.0751 0.0553 0.0325 

7.00 1.8954 1.8954 1.8905 1.8954 0.3 0.0925 0.0861 0.0729 0.0503 0.0269 

20.00 3.3539 3.3539 3.3539 3.3539 0.4 0.0923 0.0854 0.0703 0.0445 0.0220 

70.00 6.4621 6.4622 6.4622 6.4622 0.5 0.0921 0.0845 0.0700 0.0386 0.0180 

Nb Nt Nur [27] Shr [27] Nur present Shr present 

0.1 0.1 0.9524 2.1294 0.9524 2.1294 

0.2 0.1 0.5056 2.3819 0.5056 2.3819 

0.3 0.1 0.2522 2.4100 0.2522 2.4100 

0.4 0.1 0.1194 2.3997 0.1194 2.3997 

0.5 0.1 0.0543 2.3836 0.0543 2.3836 

0.1 0.2 0.6932 2.2740 0.6932 2.2740 

0.1 0.3 0.5201 2.5286 0.5201 2.5286 

0.1 0.4 0.4026 2.7952 0.4026 2.7952 

0.1 0.5 0.3211 3.0351 0.3211 3.0351 
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Table 4 

Computations  showing  the  reduced  Sherwood  number  (   40 (0))  with  Le  ¼  10, 

Pr ¼ 10, Bi ¼ 0.1. 
 

 

Nt   Shr (Nb ¼ 0.1) Shr (Nb ¼ 0.2) Shr (Nb ¼ 0.3) Shr (Nb ¼ 0.4) Shr (Nb ¼ 0.5) 

0.1 2.2774 2.3109 2.3299 2.3458 2.3560 

0.2 2.2490 2.3168 2.3569 2.3903 2.4071 

0.3 2.2228 2.3261 2.3900 2.4411 2.4576 

0.4 2.1992 2.3392 2.4303 2.4967 2.5039 

0.5 2.1783 2.3570 2.4792 2.5529 2.5435 

 

 

which then gives the condition q(0) ¼ 1 (isothermal condition). For 

all the Prandtl numbers listed in Table 1, the present results agree to 

three places of decimal with the results of Khan and Pop [27], Wang 

[39], and Gorla and Sidawi [40]. The results of Table 1 manifest 

a trend similar to that found in natural convection from a vertical 

plate in a regular fluid where the Nusselt number increases with 

the increase in the Prandtl number. 

Table 2 contains a comparison of our results for the reduced 

Nusselt number and the reduced Sherwood number with those 

reported by Khan and Pop [27] for Le ¼ 10, Pr ¼ 10, Bi ¼ N. The 

infinitely large Biot number simulates the isothermal stretching 

model used in [27] as noted earlier. The results for all combination 

values of Brownian motion parameter Nb and the thermophoresis 

parameter Nt used in our computations, showed an exact match 

between our results and the results reported in [27]. The first five 

entries show that for a fixed thermophoresis parameter, Nt ¼ 0.1, 

the reduced Nusselt number decreases sharply with the increase in 

Brownian motion, that as Nb is increased from 0.1 to 0.5. However, 

the reduced Sherwood number increases substantially as Nb is 

increased from 0.1 to 0.2 but tends to plateau beyond Nb ¼ 0.2. 

These observations are consistent with the initial slopes of the 

temperature and concentration profiles to be discussed later. As the 

Brownian motion intensifies, it impacts a larger extent of the fluid, 

causing the thermal boundary layer to thicken, which in turn 

decreases the reduced Nusselt number. The thickening of the 

boundary layer due to stronger Brownian motion will be high- 

lighted again when the temperature profiles are discussed. It will be 

seen from the Concentration profiles appearing later in the 

Discussion that the initial slope of the curve and the extent of the 

concentration boundary layer are not affected significantly beyond 

Nb ¼ 0.2 and hence the plateau in the Sherwood number behavior. 

The last four entries in Table 2 show that the reduced Nusselt 

number decreases as the thermophoresis diffusion penetrates 

deeper into the fluid and causes the thermal boundary layer to 

thicken. However, the increase in the thermophoresis parameter 

enhances the Sherwood number, a conclusion that is consistent 

with the results of Khan and Pop [27]. 

Table 3 provides a sample of our results for the reduced Nusselt 

number when the stretching sheet is heated convectively. The Biot 

 

 
Table 5 

Computations showing the reduced Nusselt number ( q0 (0)), reduced Sherwood 

number (   f0 (0)) and surface temperature (   q(0)) with Nt ¼ Nb ¼ 0.5. 

 

 
 

Fig. 2. Effect of Nt and Nb on temperature profiles when Le ¼ 5, Pr ¼ 5, Bi ¼ 0.1. 

 

number of 0.1 represents a weak convective heating situation. 

Because, the present work is the first attempt on predicting the 

thermal  flow  in  a  nanofluid  due  to  a  linearly  stretching  sheet, 

a comparative assessment of the results in Table 3 with the other 

published results is not possible. However, the excellent agreement 

between our results and those of others for the limiting cases as 

seen in Tables 2 and 3 gives us confidence in the high accuracy of 

the results provided in Table 3. The results in Table 3 indicate that 

when the Brownian motion is weak (Nb ¼ 0.1), the change in the 

strength of thermophoretic effect has little impact on the reduced 

Nusselt number and hence the heat transfer  process.  However, 

when the Brownian motion is comparatively strong (Nb ¼ 0.5), the 

thermophoretic effect exerts a strong influence on the heat trans- 

fer; reducing it by almost 50% as thermophoresis parameter 

changes from 0.1 to 0.5. This reduction in heat transfer is due to the 

nanoparticles of high thermal conductivity being driven away from 

the hot sheet to the quiescent fluid. 

The reduced Sherwood number data corresponding to the data 

of Table 3 is presented in Table 4. Except for Nb ¼ 0.1, the reduced 

Sherwood number increases by a few percent as the thermopho- 

retic effect intensifies. The maximum increase of about 8% is seen to 

occur at Nb ¼ 0.5. 

Table 5 has been prepared to illustrate the effects of Biot 

number, Lewis number, and Prandtl number on the reduced Nusselt 

 

 
 

Fig. 3. Effect of Le on temperature profiles when Nt ¼ Nb ¼ 0.1, Pr ¼ 5, Bi ¼ 0.1. 

Pr Bi Le Nur Shr q(0) 

1 0.1 5 0.0789 1.5477 0.2107 

2 0.1 5 0.0806 1.5554 0.1938 

5 0.1 5 0.0735 1.5983 0.2655 

10 0.1 5 0.0387 1.7293 0.6132 

5 1.0 5 0.1476 1.6914 0.8524 

5 10.0 5 0.1550 1.7122 0.9845 

5 100 5 0.1557 1.7144 0.9984 

5 N 5 0.1557 1.7146 1.0000 

5 0.1 10 0.0647 2.3920 0.3531 

5 0.1 15 0.0600 2.9899 0.4001 

5 0.1 20 0.0570 3.4881 0.4296 
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Fig. 4. Effect of Bi on temperature profiles when Nt ¼ Nb ¼ 0.1, Pr ¼ Le ¼ 5.  

Fig. 6. Effect of Nt and Nb on concentration profiles when Le ¼ 5, Pr ¼ 5, Bi ¼ 0.1. 

 

and Sherwood numbers and the surface temperature of the 

stretching sheet. The Brownian and thermophoresis  parameters 

were fixed at 0.5 each. The first four entries show that the change in 

Prandtl number from 1.0 to 2.0 has only slight effect on Nur, Shr, and 

surface temperature q(0), but as the Prandtl number increases 

further, there is a significant decrease in Nur and a significant 

increase in Shr and q(0). The next four entries in Table 5 reveals that 

for Pr ¼ Le ¼ 5, the increase in Bi from 1.0 to 10.0 increases the 

reduced Nusselt number and the surface temperature, but the 

change  in  reduced  Sherwood  number  is  rather  small.  However, 

a further tenfold increase in Bi from 10 to 100 has only minor effect 

on the reduced Nusselt number, the reduced Sherwood number, 

and the surface temperature. The effect of Lewis number can be 

seen by examining the last three entries in Table 5. With Pr and Bi 
fixed at 5.0 and 0.1,  respectively, an increase in Lewis number 

causes the reduced Nusselt number to decrease but increase the 

reduced Sherwood number and the surface temperature. 

We now turn our attention to the discussion of graphical results 

that provide additional insights into the problem under 

investigation. 

 

3.1. Graphical results 

 

3.1.1. Temperature profiles 

Fig. 2 shows the temperature distributions in the thermal 

boundary layer for different values of the Brownian motion and 

 
 

 
 

Fig. 5. Effect of Pr on temperature profiles when Nt ¼ Nb ¼ Bi ¼ 0.1, Le ¼ 5. 

 

the thermophoresis parameters. As both Nb and Nt increase, the 

boundary layer thickens, as noted earlier in discussing the tabular 

data, the surface temperature increases, and the curves become 

less steep indicating a diminution of the reduced Nusselt number. 

As seen in Fig. 3, the effect of Lewis number on the temperature 

profiles is noticeable only in a region close to the sheet as the 

curves tend to merge at larger distances from the sheet. Fig. 4 

illustrates the effect of Biot number on the thermal boundary 

layer. As expected, the stronger convection results in higher 

surface temperatures, causing the thermal effect to penetrate 

deeper into the quiescent fluid. The temperature profiles depicted 

in Fig. 5 show that as the Prandtl number increases, the thickness 

of the thermal boundary layer decreases as the curves become 

increasingly steeper. As a consequence, the reduced Nusselt 

number, being proportional to the initial slope, increases. This 

pattern is reminiscent of the free convective boundary layer flow 

in a regular fluid [41]. 

 

3.1.2. Concentration (volume fraction) profiles 

The nanoparticle concentration (volume fraction) correspond- 

ing to Fig. 2 is shown in Fig. 6. Unlike the temperature profiles, the 

concentration profiles are only slightly affected by the strength of 

the Brownian motion and thermophoresis. A comparison of Fig. 3 

and Fig. 7 shows that the Lewis number significantly affects the 

concentration distribution (Fig. 7), but has little influence on the 

temperature  distribution  (Fig.  3).  For  a  base  fluid  of  certain 

 

 

 
 

Fig. 7. Effect of Le on concentration profiles when Nt ¼ Nb ¼ 0.1, Pr ¼ 5, Bi ¼ 0.1. 
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Fig. 8. Effect of Bi on concentration profiles when Nt ¼ Nb ¼ 0.1, Pr ¼ Le ¼ 5. 

 
 

kinematic viscosity n, a higher Lewis implies a lower Brownian 

diffusion coefficient DB (see Eq. (14)) which must result in a shorter 

penetration depth for the concentration boundary layer. This is 

exactly what we see in Fig. 7. It was observed in Fig. 4 that as the 

convective heating of the sheet is enhanced i.e. Bi increases, the 

thermal penetration depth increases. Because the concentration 

distribution is driven by the temperature field, one anticipates that 

a higher Biot number would promote a deeper penetration of the 

concentration. This anticipation is indeed realized in Fig. 8 which 

predicts higher concentrations at higher values of the Biot number. 

 

4. Conclusions 

 
A numerical study of the boundary layer flow in a nanofluid 

induced as a result of the motion of a linearly stretching sheet has 

been performed. The use of a convective heating boundary condi- 

tion instead of a constant temperature or a constant heat flux 

makes this study more general novel. The following conclusions are 

derived. 

 

1. The transport of momentum, energy, and concentration of 

nanoparticles in the respective boundary  layers  depends  on 

five parameters: Brownian motion parameter Nb, thermopho- 

resis parameter Nt, Prandtl number Pr, Lewis number Le and 

convection Biot number Bi. 

2. For infinitely large Biot number characterizing the convective 

heating (which corresponds to the constant temperature 

boundary condition), the present results and those reported by 

Khan and Pop [27] match up to four places of decimal. 

3. For fixed Pr, Le, and Bi, the thermal boundary thickens and the 

local temperature rises as the Brownian motion and thermo- 

phoresis effects intensify. A similar effect on the thermal 

boundary is observed when Nb, Nt, Le, and Bi are kept fixed and 

the Prandtl number Pr is increased or when Pr, Nb, Nt, and Le are 

kept fixed and the Biot number is increased. However, when Pr, 

Nb, Nt, and Bi are kept fixed, and the Lewis number is increased, 

the temperature distribution is affected only minimally. 

4. With the increase in Bi, the concentration layer thickens but the 

concentration layer becomes thinner as Le increases. 

5. For fixed Pr, Le, and Bi, the reduced Nusselt number decreases 

but the reduced Sherwood number increases as the Brownian 

motion and thermophoresis effects intensify. 
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