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Abstract

This chapter describes the procedure of modelling and analysis of molten pool behavior
for submerged arc welding process with single and multi-electrodes. As submerged arc
welding process is conducted under the covered flux, it is very difficult to extract the
various arc shapes and its physical models such as arc heat flux, arc pressure, electromag-
netic force, droplet impingement and heat source by consumed flux. This chapter suggests
the way to extract the various arc models for submerged arc welding process for single
and multi-wire electrodes. As the droplet movements in submerged arc welding process
are different from the arc current, this chapter tries to make the flux-wall guided droplet
impingement models for low current value (I < 500 A) and spray droplet impingement
model for high current value. In high current single electrode submerged arc welding, the
molten pool flow pattern for different electrode angle and welding signal wave forms (DC
and AC) are analyzed. This chapter also modeled and analyzed the molten pool behaviors
for multi-wire electrodes in submerged arc welding process with an arc interaction
models for different current values.

Keywords: computational fluid dynamics (CFD), submerged arc welding (SAW),
molten pool flow, arc interaction, multi-wire electrode

1. Introduction

Submerged arc welding (SAW) is a very complex process that includes physical and chemical

reactions. Moreover, it is very difficult to investigate the whole SAW process using numerical

simulations [1–4]. However, the molten zone and heat-affected zone (HAZ) could be estimated

using the finite element method (FEM) and considering just the conduction heat transfer.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Wen et al. [1] modeled multi-wire SAW of thick-wall line pipe and calculated the thermal

distributions under various welding conditions. Sharma et al. [2] predicted the temperature

distributions and angular distortions in single-pass butt joints using three-dimensional simu-

lations. Mahapatra et al. [3] suggested and validated a volumetric heat source model of twin-

wire SAW by using different electrode diameters and polarities. Kiran et al. [4] simulated a

three-dimensional heat transfer of a V-groove tandem SAW process for various welding

conditions using FEM. However, these studies with FEM only considered the heat conduction

transfer in the welding process, which is insufficient to explain the curve weld bead such as

fingertip penetration.

To overcome these disadvantages, computational fluid dynamics (CFD) is widely used to

investigate molten pool flows and final weld beads because it makes it possible to approach

the welding process more realistically [5]. Considering the importance of weld pool convection

in the welding process, numerous researchers have attempted to analyze the heat transfer and

fluid flow. Kim et al. [6] calculated the convective heat transfer and resultant temperature

distributions for a filet gas metal arc welding (GMAW) process. Kim et al. [7] obtained the

thermal data and analyzed the molten pool flows for various driving forces in stationary gas

tungsten arc welding (GTAW). However, these studies assumed that the welding process was

in a quasi-steady-state. Thus it was very difficult to approximate the droplet impingent and arc

variation with alternating current (AC). Therefore, it is necessary to apply a transient analysis

to the welding simulation because it can detect the free surface variation during the simulation

time. One transient analysis method is the volume of fluid (VOF) method, which can track the

molten pool surface; therefore, the variable models from arc plasma could be implemented in

the simulations. Cho et al. [8] calculated the electromagnetic force (EMF) with mapping

coordinates in V-groove GTAW and GMAW, and then applied it to the numerical simulation

to obtain the dynamic molten pool behavior and final weld bead using the commercial soft-

ware, Flow-3D. With the advantage of VOF transient simulation, Cho et al. [9] could calculate

unstable molten pool flow patterns such as humping and overflow in V-groove positional

GMAW. Cho et al. [10] obtained the heat flux distribution of the arc plasma in gas hollow

tungsten arc welding (GHTAW) using the Abel inversion method and applied it to the VOF

model to predict the molten zone area. Additionally, a more complex welding process can also

be calculated by VOF. Cho and Na [11] conducted a laser welding simulation that included the

multiple reflection and keyhole formation. Moreover, Cho and Na [12] conducted the three-

dimensional laser-GMA hybrid welding, which adopted the laser welding and GMAW. Han

et al. [13] compared the driving forces for the weld pool dynamics in GTAWand laser welding.

The VOF method could also be applied to describe the alloying element distributions and pore

generation in the laser-GMA hybrid welding process [14].

The modeling and the molten pool flow analysis of SAW process are mostly conducted by Cho

et al. [15–21]. Cho et al. [15] conducted molten pool analysis of SAW for single electrode for

high-current (I > 500 A) condition with spray metal transfer droplet impingement. They

considered electrode angle and wave form and modeled to analyze the molten pool behavior

for single electrode direct current (DC) and alternative current (AC) welding signals. It was

found that the penetration of weld bead is closely related with electrode angle and waveform

of welding signal. Cho et al. [16] also found that droplet impingement of low-current (I < 500)
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could be expected as a flux-wall guided (FWG) metal transfer using CFD simulation. They

modeled FWGmetal transfer with a moving cylinder and randomly directed droplet impinge-

ment. Therefore, it is possible to simulate how porosity can be trapped in the V-groove joint

with a FWG metal transfer. For better productivity, the multi-electrode SAW process is pro-

posed. Kiran et al. [17] developed physical and regression equations to predict the arc interac-

tion and arc size as a function of the welding conditions for tandem submerged arc welding

process. They modeled arc center displacements for tandem SAW under different welding

conditions with a spring model. It was found that the arc center displacement of high current

shifted less while that of low current shifted wider. Cho et al. [18] applied the arc interaction

effect to simulate the molten pool behavior for tandem SAW process. They compared the

various molten pool flow patterns where the combinations of the welding signals were differ-

ent. Moreover, they found that the direction of droplet impingement was very important to

expect the welding penetration. Kiran et al. [19] analyzed the temperature histories of tandem

SAW CFD simulations within the same heat input. They compared cooling times from 800 to

500�C and volume fractions for different welding conditions and they found that molten pool

behavior played an important role to decide the volume fraction and micro hardness. Cho

et al. [20] analyzed the flux consumption rate for tandem SAW process where the heat inputs

were the same except the combination of welding signals (current and voltage). They found

that the arc interaction, droplet impingement direction and metal transfer mode (spray &

FWG) affected the overall flux consumption rates. Kiran et al. [21] modeled three wire SAW

molten pool simulation which considered arc center displacement and droplet impingement

with a physical approach and then analyzed molten pool flow patterns. This chapter briefly

introduces the contents how to model and analyze the molten pool behaviors from numerical

simulations for single and multi-wire SAW process.

2. Modeling of molten pool behavior for SAW process

2.1. CFD modeling for single electrode

Figure 1 shows a schematic diagram of SAW to allow the following characteristics to be

understood [15]: (a) the flux and molten slag cover the overall weld bead and, (b) the fabri-

cated flux wall protects the flux cavity.

Although it is very difficult to observe the metal transfer of SAW, some previous studies

succeeded in capturing the motion of a droplet in SAW. Franz [22] and Van Adrichem [23]

observed the metal transfer through a ceramic tube using a X-ray cinematography and found

that drops travel in free flight to the weld pool, or they may project sideways to collide with

the molten flux wall. This metal transfer in SAW is the so-called flux-wall guided (FWG)

transfer, as shown in Figure 2.

During the SAW process, a small portion of the flux is melted and consumed. Chandel [24]

found that the flux consumption relies upon three sources: (a) conduction from the molten

metal, (b) radiation from arc and (c) resistance heating of the slag. However, their individual

Modeling and Analysis of Molten Pool Behavior for Submerged Arc Welding Process with Single and Multi-Wire…
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Figure 1. Schematic of SAW [15].

Figure 2. FWG transfer in SAW [15].
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contributions to flux consumption are still unclear. In any case, the total flux consumption can

be calculated by measuring the mass of the flux used. Renwick and Patchett [25] analyzed the

relations between welding parameters and the flux consumption and found that flux con-

sumption initially increased with increasing current, reached a maximum, and then decreased.

Chandel [24] also measured the flux consumption of SAW with various welding parameters

and showed that the flux consumption reached a peak value at 500 A and decreased at higher

currents, as shown in Figure 3 [15]. This decrease at a high current is a result of the increasing

current causing the droplet size to decrease. Therefore, the contact area between the droplet

and the flux-wall could be decreased, as shown in Figure 4. In short, FWG transfer is difficult

to observe at high current and the spray mode of transfer can be expected to be considered in

high current SAW [15].

Figure 3. Current vs. flux consumption rate in single DC [15].

Figure 4. Expected metal transfer in single SAW process [15].
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2.1.1. Governing equations

The governing equations in the CFD simulation of a weld pool involve the mass conservation

equation, momentum conservation equation (Navier-Stokes equations), and energy conserva-

tion equation. The time step used in the numerical simulation is 0.00001 s. To describe the

molten pool behavior, the commercial package, Flow-3D was widely used [15, 16, 18, 21]

(Table 1).

• Momentum equation

∂V
!

∂t
þ V

!
�∇ V

!
¼ �

∇p

r
þ ν∇

2 V
!
þ

_ms

r
V
!

s� V
!� �

þ f b (1)

• Mass conservation equation

∇� V
!
¼

_ms

r
(2)

• Energy equation

∂h

∂t
þ V

!
�∇h ¼

1

r
∇ � k∇Tð Þ þ _hs, (3)

where

h ¼ rsCsT T ≤Tsð Þ

h ¼ h Tsð Þ þ hsl
T � Ts

Tl � Ts
Ts < T ≤Tlð Þ

h ¼ h Tlð Þ þ rlCl T � Tlð Þ Ts < T ≤Tlð Þ

(4)

• VOF equation

∂F

∂t
þ ∇ � V

!
F

� �

¼ _Fs (5)

2.1.2. Boundary conditions

There is no heat loss from the radiation, convection and evaporation on the molten pool

surface because slag and flux cover the overall weld bead as shown in Figure 1. In

SAW, the heat is input from the slag to the molten pool and lost from the molten pool

to the slag. However, the summation of the heat input and heat loss can be regarded as

the slag heat transfer (qs), and the energy boundary condition in equation (6) is used

[15, 16, 18, 21].

k
∂T

∂ n
! ¼ qa þ qslag_input � qslag_loss ¼ qa þ qs: (6)
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Symbol Nomenclature Symbol Nomenclature

r Density, (solid:7.8, liquid:6.9, g/cm3) pA Arc pressure

V
! Velocity vector Rc Radius of the surface curvature

ν Kinematic viscosity γ Surface tension

_ms Mass source of droplet rw Radius of wire, 2.0 mm

h Enthalpy rd Radius of droplet, 2.1 mm

_hs Enthalpy source of droplet WFR Wire feed rate

Vs

! Velocity vector for mass source Cs Specific heat of liquid, 7.32x 106 erg/g s K

f b Body force Cp Specific heat

hs Enthalpy of solid To Room temperature, 298 K

hsl Enthalpy between solid and solid ηs Slag efficiency of SAW

Ts Solidus temperature, 1768 K ηd Droplet efficiency of SAW

Tl Liquidus temperature, 1798 K _m f Flux consumption (g/s)

F Fraction of fluid x0, y0 Location of the electrode center in x and y

directions

_Fs Volume source of droplet x1, y1 Location of the arc center in x and y directions

k Thermal conductivity J0 First kind of Bessel function of zero order

n
! Normal vector to free surface μ0 Permeability of vacuum, 1.26 � 106 H/m

qa Heat input from arc plasma μm Material permeability, 1.26 � 106 H/m

qd Heat input from droplet Jz Vertical component of the current density

qslag_input Heat transfer from slag to molten pool Jr Radial component of the current density

qslag_loss Heat transfer from slag to molten pool Bθ Angular component of the magnetic field

ηa Arc efficiency of SAW σx, σy Effective radius of the arc in x-direction and

y-direction

I Current Γs Surface excess at saturation

V Voltage R Universal gas constant

Fb Buoyancy force k1 Constant related to the entropy of segregation

γ0
m

Surface tension of pure metal at melting point a1 Weight percent of sulfur

A Negative surface tension gradient for pure metal IL , IT Current of leading and trailing electrodes

ΔH0 Standard heat of adsorption lL, lT Arc length of leading and trailing leading

electrodes

XL , XT Arc center position of x-direction for leading and

trailing electrodes
βijn Coefficients of effective radius model

BθL , BθT Angular component of the magnetic field for

leading and trailing electrodes

d Distance between leading and trailing electrode

σRL,σFL Rear and front effective radii of leading arc in x-

direction

JzL, JzT Vertical component of the current density for

leading and trailing arcs

Modeling and Analysis of Molten Pool Behavior for Submerged Arc Welding Process with Single and Multi-Wire…
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Previous studies found that the thermal efficiency of SAW is between 0.90 and 0.99, and many

studies have used a thermal efficiency of 0.95 in numerical simulations [15, 16, 18, 21]. It is

reasonable to use total thermal efficiency of 0.95 with the heat transfer from the arc plasma,

droplets, and molten slag to the weld pool [15, 16, 18, 21].

ηa ¼
qa þ qd þ qs

VI
≈ 0:95 (7)

The pressure boundary on the free surface is applied as follows:

p ¼ pA þ
γ

Rc
: (8)

• Droplet model

The droplet efficiency relies on the wire feed rate and it is possible to be calculated using

Eqs. (9) to (11). The droplet efficiency can be varied from the wire feed rate and welding signals

[15, 16, 18, 21].

f d ¼
3r2wWFR

4r3d
(9)

qd ¼
4

3
πr3dr Cs Ts � Toð Þ þ Cl Td � Tsð Þ þ hsl½ � f d, (10)

ηd ¼
qd
VI

: (11)

For the high current (I > 500 A), some studies proved that spray mode of metal transfer, which

is very similar to droplet impingement of GMAW, can be considered as a droplet impingement

model [15, 18]. However, the metal transfer of the low current (I < 500 A) can be assumed as

FWG metal transfer as shown in Figure 5 [16].

• Slag heat source model

Cho et al. [15, 16, 18]. used a slag heat source model that considers the flux consumption rate,

and they assumed that the distribution of the slag heat input to the material surface would be

an elliptical ring as shown in Figure 6. The slag heat source model can be calculated from

equation (12) to (14).

Symbol Nomenclature Symbol Nomenclature

σRT ,σFT Rear and front effective radii of trailing arc in x-

direction

JrL, JrT Radial component of the current density for

leading and trailing arcs

qaL, qaT Arc heat flux for leading and trailing electrodes PaL, PaT Arc heat flux for leading and trailing electrodes

Table 1. Properties and constants used in simulations.
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ηs ¼
_m fCpf Tm, flux � T0

� �

VI
(12)

re ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x� x0ð Þ2
σy

σx

� �2

þ y� y0
� �2

s

(13)

if Ra < re ≤Rb then,

qs ¼
ηsVI

π R2
b � R2

a

� � ,where Ra ¼ 3σq, Rb ¼ Ra þ 3:0mm
(14)

Figure 6. Process acquiring the arc plasma image [15].

Figure 5. Schematic of droplet impingement on the wall to describe FWG transfer [16].
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• Arc heat source model

The actual arc plasma shape of SAW is very difficult to determine. Therefore, several studies

assume some conditions to obtain the arc heat flux distributions [15].

a. The shape of the arc plasma inside the flux (A) is very similar to the arc plasma outside the

flux (B) that just escaped (within 50 ms) as shown in Figure 6.

b. The metal vapor in the arc plasma root is neglected.

Therefore, it is reasonable to apply the elliptically symmetric Gaussian arc heat flux model in

Eq. (15).

qA x; yð Þ ¼ ηA
VI

2πσxσy
exp �

x� x1ð Þ2

2σ2x
�

y� y1
� �2

2σ2y

 !

(15)

• Arc pressure model

Due to the physical relationship, the effective radii of the arc heat flux and arc pressure are the

same each other [10]. The resultant arc pressure model can be described in Eq. (16).

PA x; yð Þ ¼
μI2

4π2σxσy
exp �

x� x1ð Þ2

2σ2x
�

y� y1
� �2

2σ2y

 !

(16)

2.1.3. Electromagnetic force

In the arc welding process, Kou and Sun [26] found that the current density and self-induced

magnetic field should be used to calculate the EMF in the molten pool. In the molten slag of a

high current SAW process, however, Cho et al. [15, 16, 18] ignored the current flow effect in the

molten slag because the magnitude of the current in the molten slag is tiny compared to the

total current. Therefore, due to the physical relationship, the effective radius of electromagnetic

force (EMF) model could be the same with that of the arc pressure and arc heat flux models

[10]. For the elliptically symmetric distribution, EMF model can be calculated as follows:

k1 ¼
σy

σx
, x� x1ð Þ2 þ

y� y1
� �2

k21
¼ r2a (17)

Jz ¼
I

2π

ð

∞

0

λJ0 λrað Þexp �λ2σ2r=4da
� � sinh λ c� zð Þ½ �

sinh λcð Þ
dλ (18)

Jr ¼
I

2π

ð

∞

0

λJ1 λrað Þexp �λ2σ2r=4d
� � cosh λ c� zð Þ½ �

sinh λcð Þ
dλ (19)

Bθ ¼
μmI

2π

ð

∞

0

J1 λrað Þexp �λ2σ2a=4d
� � sinh λ c� zð Þ½ �

sinh λcð Þ
dλ (20)
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Fx ¼ �JzBθ
x

ra
(21)

Fy ¼ �JzBθ
y

ra
(22)

Fz ¼ JzBθ: (23)

2.1.4. Other models

The surface tension and buoyance force models are not affected by the arc plasma distribution

[14]. The buoyancy force can be modeled by the Boussinesq approximation and then expressed

in Eq. (24).

Fb ¼ rgβ T � T0ð Þ (24)

A surface tension model that Sahoo et al. [27] developed for a binary Fe–S system is used to

model the Marangoni flow. Thus, the surface tension can be expressed in Eq. (25)

γ Tð Þ ¼ γ0
m � A T � Tmð Þ � RTΓsln 1þ k1aie

�ΔHo=RT
� �

(25)

2.2. CFD modeling for multi-wire electrodes

For the better productivity, many industries applied two-wire or multi-electrode tandem SAW

process. When the multi-wire electrodes are used, the arc shapes and the arc center positions

are changed due to electromagnetic forces of arc plasma as shown in Figure 7.

Figure 7. Schematic representation of the arc images acquisition method [17].
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XL ¼ C1
IT
IL

� �

l2L
d

� �

(26)

XT ¼ C2
IL
IT

� �

l2T
d

� �

(27)

σij ¼ β
ij
0 þ β

ij
1Ij þ β

ij
2V j þ β

ij
3Xj þ β

ij
4I

2
j þ β

ij
5V

2
j þ β

ij
6X

2
j þ β

ij
7IjV j þ β

ij
8V jXj þ β

ij
9IjXj (28)

2.2.1. Arc interaction model

Figure 7 illustrates the procedure followed to capture the arc images. The procedure to capture

the arc images of multi-wire SAW process are very similar to single wire SAW process. Initially,

the leading and trailing arcs are completely submerged under the granular flux, and a CCD

camera starts to record side images of the arcs at a sampling rate of 1 kHz from the instant both

the arcs come out of the flux. Kiran et al. [17, 21] considered the physical models for the arc center

displacement and arc shape factors in two-wire and three wire tandem SAW process. From

Eqs. (26) and (27), it is possible to expect that the higher current arc plasma is more stable than

the lower current arc plasma. Additionally, the lower current arc plasma can be shifted more due

to the arc interaction effect with AC welding signal. Kiran et al. [17] also proposed the effective

radius of arc plasma model (27), where the welding current and voltage values are used.

2.2.2. Boundary conditions

The boundary conditions of single wire SAW from equation (6) to (8) are the same with that of

multi-wire SAW process. However, two arc plasmas were used in the simulation so the arc

heat source models, arc pressure, EMF models are different from those of the single wire

model.

• Arc heat source model

As two arc plasmas were used in the simulations, two Gaussian asymmetric arc heat sources

model, which contains different temperature distributions for the front and rear part in

Eqs. (29) and (30). Therefore, Cho et al. [18] adopted the resultant effective radius to describe

the Gaussian asymmetric arc models with DC and AC welding signals.

if x ≤ x0 then, qaL x; yð Þ ¼
ηaVLIL

2πσ2AL
exp �

x� x0ð Þ2

2σ2RL
�

y2

2σ2AL

 !

if x > x0 then, qaL x; yð Þ ¼
ηaVLIL

2πσ2AL
exp �

x� x0ð Þ2

2σ2FL
�

y2

2σ2AL

 ! (29)

if x ≤ x1 then, qaT x; yð Þ ¼
ηaVTIT

2πσ2AT
exp �

x� x0ð Þ2

2σ2RT
�

y2

2σ2AT

 !

if x > x1 then, qaT x; yð Þ ¼
ηaVTIT

2πσ2AT
exp �

x� x0ð Þ2

2σ2FT
�

y2

2σ2AT

 ! (30)
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• Arc pressure model

The distribution of arc pressure model is the same with that of arc heat source model [10];

therefore, arc pressure model can be derived in equation (31) and (32).

if x ≤ x0 then, PaL x; yð Þ ¼
μ0I

2
L

4π2σ2AL
exp �

x� x0ð Þ2

2σ2RL
�

y2

2σ2AL

 !

if x > x0 then, PaL x; yð Þ ¼
μ0I

2
L

4π2σ2AL
exp �

x� x0ð Þ2

2σ2FL
�

y2

2σ2AL

 ! (31)

if x ≤ x1 then, PaT x; yð Þ ¼
μ0I

2
T

4π2σ2AT
exp �

x� x0ð Þ2

2σ2RT
�

y2

2σ2AT

 !

if x > x1 then, PaT x; yð Þ ¼
μ0I

2
T

4π2σ2AT
exp �

x� x0ð Þ2

2σ2FT
�

y2

2σ2AT

 ! (32)

• Slag heat source model

Slag heat source model in the two-wire SAW process are the same as that of single wire SAW

process.

• Droplet model

Kiran et al. [17] found that the molten droplet is directed to the arc center when it is just

detached. Moreover, the direction of the droplet could not be changed during the free flight.

Cho et al. [18] consider that physical phenomena and then applied to the numerical simulation

as shown in Figures 8 and 9.

The droplet efficiency relies on the wire feed rate and it is possible to be calculated using

equation (9) to (11). The droplet efficiency can be varied from the wire feed rate and welding

signals [15, 16, 18, 21].

2.2.3. EMF model

EMF can be induced from the two different arc plasmas; therefore EMF model used in the two-

wire SAW process can be followed [18]:

JzL ¼
I

2π

ð

∞

0

λJ0 λrað Þexp �λ2σ2AL=4da
� � sinh λ c� zð Þ½ �

sinh λcð Þ
dλ (33)

JrL ¼
I

2π

ð

∞

0

λJ1 λrað Þexp �λ2σ2AL=4da
� � cosh λ c� zð Þ½ �

sinh λcð Þ
dλ (34)

BθL ¼
μmIL

2π

ð

∞

0

J1 λrað Þexp �λ2σ2AL=4da
� � sinh λ c� zð Þ½ �

sinh λcð Þ
dλ (35)
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FrL ¼ JzLBθL (36)

FzL ¼ JrLBθL (37)

JzT ¼
I

2π

ð

∞

0

λJ0 λrað Þexp �λ
2
σ
2
AT=4da

� � sinh λ c� zð Þ½ �

sinh λcð Þ
dλ (38)

Figure 9. Droplet flights due to the arc interaction effect in two wire SAW process [18].

Figure 8. Arc interaction effect of the two wire tandem SAW [17, 28].
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JrT ¼
I

2π

ð

∞

0

λJ1 λrað Þexp �λ2σ2AT=4da
� � cosh λ c� zð Þ½ �

sinh λcð Þ
dλ (39)

BθT ¼
μmIT

2π

ð

∞

0

J1 λrað Þexp �λ2σ2AT=4da
� � sinh λ c� zð Þ½ �

sinh λcð Þ
dλ (40)

FrT ¼ JzTBθT (41)

FzT ¼ JrTBθT (42)

2.2.4. Other models

The same surface tension and buoyance force models in equation (24) and (25) are applied.

3. Simulation results for SAW process

3.1. Single wire SAW process

3.1.1. Spray mode of metal transfer

• Single DC

Cho et al. [15] simulated the molten pool behaviors for single DC SAW process which com-

pared the molten pool behaviors for different electrode angles as shown in Figure 10. They

found that electrode angle plays on important role to form the bead shapes such as penetration

and bead width.

When the negative electrode angle is applied, the penetration of weld bead increases deeper

because the droplet impingement direction is very similar to the molten poo circulation. Thus

the momentum can be transferred sufficiently to the weld pool. Specifically, the molten pool

flows downward and backward in the dotted box between droplet generations (Figure 11(a)

and (b)) and then forms a sharp and deep penetration on a transverse cross-section by convec-

tion heat transfer as shown in Figure 12(a). However, the positive electrode angle induces

Figure 10. Electrode angle used in the simulation [28].
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somewhat different flow patterns because the droplet impingement direction does not match

the molten pool direction as shown in Figure 13(a) and (b). Therefore, less momentum from

the droplet impingement can be transferred in positive electrode angle compared to negative

electrode angle.

Figure 11. Calculated temperature profiles and flow patterns on a longitudinal cross section for negative electrode angle

(�20
�
CÞ [15] (a) 0.528 s (b) 0.538 s.

Figure 12. Calculated temperature profiles and flow patterns on a transverse cross section at 0.598 s for negative and

positive electrode angle [15] (a) negative angle (�20�) (b) positive angle (+20�).
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AC welding signals can bring the different simulation results. Cho et al. [15] simulated the

molten pool simulation with sinusoidal AC waveform with a negative electrode angle. As the

arc shape and signals vary with the welding time, it could induce more dynamic molten pool

flows than DC welding. Normally, the frequency of droplet impingement and welding signals

cannot be the same so the molten pool under the arc flows forward and backward repeatedly

with a welding time as shown in Figure 14.

Figure 13. Calculated temperature profiles and flow patterns on a longitudinal cross section for positive electrode angle

(+20
�
CÞ [15] (a) 0.528 s (b) 0.538 s.

Figure 14. Calculated temperature profiles and flow patterns on a longitudinal cross section for sinusoidal AC waveform

(current, voltage) with a negative electrode angle [15] (a) 0.528 s (b) 0.538 s.
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When the welding current value is not enough to form the spray metal transfer, it is possible to

expect FWG metal transfer mode. Cho et al. [16] simulated the molten pool behavior of FWG

metal transfer in V-groove SAW process. The molten droplet impinges to the inner wall

boundary and then moves to the V-groove joint sequentially as shown in Figure 15. The V-

groove joint hardly melts because the arc heat and arc forces (arc pressure & EMF) are not

focused on the V-groove joint and. Therefore, it is expected that the inclined side surface melts

while the molten pool behavior induces the void in the V-groove joint.

3.2. Multi-wire SAW process

3.2.1. Two wire tandem SAW

Kiran et al. [17] found that when the absolute current value was higher, the arc stiffness

increased; thus, the arc tended to be fixed. However, when the absolute current value of the

opposite electrode is higher, the arc stiffness decreases, so the arc tends to move backward or

forward by the Lorentz force. Finally, the combination of current values from each electrode

affects the arc center locations and droplet free flights [18]. For instance, the higher absolute

current value can result in an increase in the wire feed rate, which can induce a frequent

droplet impingement and a concentration of the arc heat and arc forces.

Figure 15. Temperature profiles and flow distributions on the transverse cross section in FWG mode [16].
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Using this principle, Cho et al. [18] performed CFD simulations and analyzed the results. For

higher current in the leading electrode, the arc center displacement of the leading electrode is

very small; moreover, the arc heat, arc force and droplet impingement can be focused under

the leading electrode. Therefore, the volume of the molten pool ahead of the leading electrode

is very small because droplets do not fly ahead of the leading electrode as shown in Figure 16(a).

Figure 16. Temperature profiles and streamlines on the longitudinal cross section for two wire tandem SAW process [18]

(a) higher current in the leading electrode (b) higher current in the trailing electrode.

Figure 17. Temperature profiles and streamlines on the transverse cross section for two wire tandem SAW process [18] (a)

higher current in the leading electrode (b) higher current in the trailing electrode.
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In the transverse section, droplets from the leading electrode impinged on the weld pool whose

height is lower than the initial V-grove point; therefore, deep penetration can be from as shown

in Figure 17(a). Moreover, the weld pool flows long after droplet impingement in the longitudi-

nal section so this can be another reason to make the deep penetration due to the dynamic

convection heat transfer. On the contrary, when the higher current welding signal in the trailing

electrode is applied, the arc center displacement of the leading electrode due to the arc

Figure 18. Current waveforms and the corresponding arc center displacement for three wire tandem SAW process [21].

Figure 19. Temperature profiles and streamlines on the longitudinal cross section for three wire tandem SAW process [21].
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interaction is much bigger than that of the trailing electrode. Therefore, the droplets, arc heat and

arc forces from the leading electrode cannot be focused on a similar weld pool spot, but the

droplets disperse forward or backward of the welding direction and the form the volume of the

molten pool ahead of the leading electrode as shown in Figure 16(b). With these fluid behaviors,

the molten pool can fill in the V-groove point; therefore, the molten pool penetrates to a lesser

degree than in the higher current in the leading electrode (Figure 17(b)).

3.2.2. Three wire tandem SAW

Kiran et al. [21] modeled and simulated the molten pool flow behavior for three wire tandem

SAW in V-groove. They firstly measured welding signals and the arc interaction position of

three wire SAW process as shown in Figure 18 and they found that the molten pool behavior

from the arc interaction played an important role to increase the penetration of V-groove. It is

evident that the middle and trailing arcs are closely concentrated during the attraction (dotted

box ‘a’) compared to that of the same between leading and middle arcs (dotted box ‘b’). When

the distances of middle and trailing arcs are short (dotted box ‘a’), the focused arc heat and arc

forces activate the molten pool behavior more dynamic and these increase penetration in the

Figure 20. Temperature profiles and streamlines on the transverse cross section for three wire tandem SAW process [21].
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longitudinal cross section as shown in Figure 19. The molten pool flow patterns in the trans-

verse section are also described in Figure 20.
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Direct Numerical Simulation of Hydrate Dissociation in
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Abstract

Computational fluid method (CFD) is popular in either large-scale or meso-scale simula-
tions. One example is to establish a new pore-scale (m~μm) model of laboratory-scale
sediment samples for estimating the dissociation rate of synthesized CO2 hydrate (CO2H)
reported by Jeong. It is assumed that CO2H formed homogeneously in spherical pellets. In
the bulk flow, concentration and temperature of liquid CO2 in water flow was analyzed by
CFD method under high-pressure state. Finite volume method (FVM) were applied in a
face-centered packing in unstructured mesh. At the surface of hydrate, a dissociation
model has been employed. Surface mass and heat transfer between hydrate and water
are both visualized. The initial temperature 253.15K of CO2H pellets dissociated due to
ambient warm water flow of 276.15 and 282.15K and fugacity variation, ex. 2.01 and 1.23
MPa. Three tentative cases with porosity 74, 66, and 49% are individually simulated in this
study. In the calculation, periodic conditions are imposed at each surface of packing.
Numerical results of this work show good agreement with Nihous’ model. Kinetic model-
ing by using 3D unstructured mesh and CFD scheme seems a simple tool, and could be
easily extended to determine complex phenomena coupled with momentum, mass and
heat transfer in the sediment samples.

Keywords: heat and mass transfer, finite volume method (FVM), computational fluid
dynamics (CFD), pore-scale flow

1. Introduction

Computational fluid method (CFD) is popular in either large-scale or meso-scale simulations.

One example is to establish a new pore-scale (m~μm) model of laboratory-scale sediment

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



samples for estimating the dissociation rate of synthesized CO2 hydrate (CO2H) reported by [1].

To decrease the CO2 concentration in the air, carbon dioxide capture and storage (CCS) is

regarded to be an effective way. One concept of CCS is to store CO2 in gas hydrate in sub-

seabed geological formation, as was illustrated by [6]. Besides, many studies about the formation

and dissociation of CO2 hydrate (CO2H) while stored in the deep ocean or geologic sediment

have been introduced. In particular, flow and transport in sediment is multidisciplinary science

including the recovery of oil, groundwater hydrology and CO2 sequestration. It reported the

measurements of the dissociation rate of well-characterized, laboratory-synthesized carbon diox-

ide hydrates in an open-ocean seafloor [5]. The pore effect in the phase equilibriummainly due to

the water activity change was discussed in [7]. The reactive transport at the pore-scale to estimate

realistic reaction rates in natural sediments was discussed in [3]. This result can be used to inform

continuum scale models and analyze the processes that lead to rate discrepancies in field

applications. Pore-scale model is applied to examine engineered fluids [4]. Unstructured mesh

is well suited to pore-scale modeling because of adaptive sizing of target unit with high mesh

resolution and the ability to handle complicated geometries [17, 18]. Particularly, it can easily be

coupled with computational fluid dynamics (CFD) methods, such as finite volume method

(FVM) or finite element method (FEM). Unstructured tetrahedral mesh used to define the pore

structure is discussed in [19]. Another case includes a numerical simulation of laminar flow

based on FVM with unstructured meshes was used to solve the incompressible, steady Navier-

Stokes equations through a cluster of metal idealized pores by [20].

The objective of this work is to develop a new pore-scale model for estimating the dissociation

rate of CO2H in homogeneous porous media. To cooperate with molecular simulation and

field-scale simulators, we aim at establishing pore-scale modeling to analyze the simultaneous

kinetic process of CO2H dissociation due to non-equilibrium states. Major assumptions in this

study are listed as below:

1. Only dissociation occurred at the surface, no any formation occurred immediately with

dissociation.

2. CO2 dissociated at the surface is assumed to be dissolved into liquid water totally without

considering the gas nucleated.

3. The surface structure does not collapse with the dissociation of CO2H at the surface of pellets.

4. Homogeneous face-centered packing of multi-CO2H pellets.

5. Single phase flow coupled with mass, heat, and momentum transfers.

2. Dissociation modeling at the surface

In this study, the dissociation flux (F1) is assumed to be proportional to the driving force, the

free energy difference (∆μ) introduced by [6], presented as

F1 ¼ kblRTln
CHsol

CI

� �

(1)
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where kbl is the rate constant mol2 J�1 s�1m�2
� �

of dissociation. According to [21], kbl is listed as

below:

kbl ¼ exp �
11; 729

T
þ 26:398

� �

(2)

where CHsol is the mole fraction of CO2 in the aqueous solution at equilibrium state with

hydrate, and CI means surface concentration in the ambient aqueous solution at the surface of

the hydrate CI .

3. Basic transport equations

Flow in the porous media around CO2H is governed by the continuity and the Navier-Stoke’s

equations. The advection-diffusion equations of non-conservative type for mass concentration

C and temperature T are also considered.

∇ � u ¼ 0 (3)

∂u

∂t
þ ∇ � uuð Þ ¼ �∇Pþ

1

Re
∇ � ∇uþ ∇uð ÞT

h i

þ
rw

Fn2
g (4)

No. Function Definition

1 D ¼ 7:4� 10�12 φMBð Þ1=2T

ηLV
0:6
A

D: diffusion coefficient of CO2 in water

φ(=2.6): association parameter for the solvent water

MB ¼ 18 gmol�1
� �

: molecular weight of water

VA ¼ 3:4� 10�5 m3mol�1
� �

: molar volume of CO2

ηL[mPa∙s]: viscosity of water

2 νL ¼ 8:8286� 10�10
� �

T2 � 5:3886� 10�7
� �

T þ 8:314� 10�5 νL ms�2
� �

: kinematic viscosity

3 λL ¼ 487:85ln Tð Þ � 2173:8 λL WKm�1
� �

: heat conductivity of water

4 αL ¼ λL

rWCp
αL ms�2

� �

: the thermal diffusivity of aqueous phase

rW ¼ 997:1
kg
m3

� 	

: density of water

Cp ¼ 4; 180 J
kg ∙K

� 	

: isobaric specific heat, quoted from

“Chemical Engineering Handbook”, Japan (1985)

5 Peq ¼ exp αþ
β
T

� 	

� 103 α=44.580 and β = � 10246.28

6 CHsol ¼ a∙exp b∙P� 10�6 þ 1:321� 10�4T
�

�2:292� 10�2Þ∙1:8� 10�5

CHsol mole∙m�3
� �

: solubility of hydrate

(275.15 K < T < 281.15 K)

a ¼ 0:0016 T � 273:15ð Þ0:9211

b ¼ �0:0199log T � 273:15ð Þ þ 0:0942

by Aya et al. [10], Yang et al. [11], and Servio and

Englezos [12]

Table 1. Parameters used in this study.
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∂C

∂t
þ u � ∇C ¼

1

ReSc
∇

2C (5)

∂T

∂t
þ u � ∇T ¼

1

RePr
∇

2T (6)

where the viscosity, diffusivity, and thermal conductivity of pure water are included in dimen-

sionless parameters such as the Reynolds number, the Schmit number, and the Prandtl number,

which are interpolated as functions of temperature and are updated at every computational time

step as summarized in Table 1. U and d (=0.001 m) are the velocity of inflow and diameter of

hydrate pellet.

4. Mass transfer

To rewrite Eq. (1), the flux at the surface of the hydrate can be discretized as

kblRTln
CHsol

CI

� �

¼ D∇C ¼ D
CI � C0

hI
(7)

where CI is the varying surface concentration calculated locally at each surface cell, C0 is the

centroid concentration, and hI is the thickness of centroid surface cell, as shown in Figure 1.

5. Heat transfer

The equation of energy balance at the surface of CO2H is given by

_QH þ λH∇TH ¼ λL∇TL (8)

Figure 1. Schematic image of discretized surface concentration.
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where _QH (¼ HLF1, where HL is the latent heat of hydrate dissociation) is the dissociation heat

transferred to the CO2H, λH is the thermal conductivity of hydrate. Dissociation heat per mole

of hydrate, HL, is interpolated from [2] as

HL ¼ 207; 917� 530:97� TI (9)

where TI is the surface temperature. Then, we have

TI ¼
λLhHTL þ λHhLTH � 207; 917∙FcalhLhH

λLhH þ λHhL � 530:97∙FcalhLhH
(10)

where TL and TH are the temperatures defined at the centroids cell in the aqueous phase and

solid hydrate, respectively; hL and hH are half widths of centroid in the aqueous phase and

solid hydrate, respectively. Besides, the temperature in the pellet is calculated by using the heat

conductivity equation.

∂T

∂t
¼ αH

∂
2T

∂x2
(11)

where αH ¼
λH

rHC
0

p
is the thermal diffusivity of CO2H. These relative properties of CO2H are quoted

from [9], the thermal diffusivity of aqueous phase (αH) of 1:38� 10�7ms�2, the heat capacity of

hydrate (C0

p) of 2080:0 JK�1kg�1, and the thermal conductivity (λH) of 0:324 WK�1m�1. The

density of CO2H (rH) is given as 1116:8 kgm�3.

6. Computational conditions

Two types of cells, tetrahedrons and triangular prisms, are applied in the present unstructured

grid system, as introduced in Figure 2. In detailed, the surface of hydrate uses prism. Both the

flow field and inside the pellet are tetrahedral meshes. Upward is the inflow where initially the

uniform velocity profile is adopted. Prismmesh and no-slip condition are imposed at the surface

of the pellet. To analyze more detailed mass and heat transfer simulatneously, one cell-layer of

the prisms that attached to the CO2H surface is divided into at least five very thin layers as

referred in [8] for high Prandtl or Schmidt number. The basic parameters of computation are

denoted in Table 1. The initial values of dimensionless parameters are listed in Table 2 at the

temperatures from 276.15 to 283.15 K. Reynolds number, Schmidt number, and Prandtl number

function of the temperature or pressure are listed in Table 2. The minimum grid size of this

computational model is listed in Table 3. Lm, Lc, and LT are the applied mesh thicknesses. δm,

δc, and δT are the thickness of momentum, concentration, and thermal boundary layers, respec-

tively. The relationship between δm, δc, and δT quoted from the theory of flat plate boundary

layer is listed below:
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δm ¼
5:48

ffiffiffiffiffiffi

Re
p

d

2
(12)

δc ¼
δm

1:026 � Sc1=3
(13)

δT ¼
δc

Pr1=3
(14)

Figure 2. Description of mesh in unstructured grid system of 67,104 cells. (a) Overview, (b) surface of CO2H, (c) water,

and (d) pellets of CO2H.

Case Reynold

number

Prandtl

number

Froude

number

Schmidt

number

Porous

ratio

Temperature of

water (K)

Fugacity of

equilibrium (MPa)

Fugacity

(MPa)

1 50 10 0.023 755 74% 282.15 3.89 3

2 12 880 276.15 1.77 1

3 10 755 66% 282.15 3.89 3

4 12 880 276.15 1.77 1

5 10 755 49% 282.15 3.89 3

6 12 880 276.15 1.77 1

7 100 10 0.046 755 282.15 3.89 3

8 135 0.062

Table 2. Calculation conditions of this work.

Cell number (porosity) Sc* δm* δc&T* Lm VTL number Lc&T

53,440 (49%) 755 2.358E-04 2.252E-05 1.0E-05 5 2.0E-06

67,104 (66%) 755 2.345E-03 2.252E-04 6.0E-05 5 1.2E-05

77,432 (74%) 755 2.594E-03 2.276E-04 6.0E-05 5 1.2E-05

*Values are quoted from “Chemical Engineering Handbook”, Japan (1985)

Table 3. The thicknesses of boundary layers, δm and δc&T, and grid sizes, Lm and Lc&T (unit: meter).
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To follow [22] of Eq. (14), the boundary layer’s thickness for temperature, δT is assumed as the

same size as that for mass concentration, δc. For the initial temperature of the CO2H pellet, Tini

is assumed as a constant value of 253.15 K.

7. Verification

The in-house code originally developed by [7] has been applied to determine the intrinsic

dissociation rate of methane hydrate. The numerical results verified by experimental results are

successfully used in calculating one pellet of hydrate in a slow flow rate of high pressure without

considering the collapse of hydrate and the nucleation of bubbles referring to [6, 20] as well.

8. Results of case study

In this study, cases with porosity of 74, 66, and 49 are individually discretized as face-centered

unstructured packing of hydrate in sediment. CO2H pellets with initial temperature of

253.15 K dissociate due to the variation of driving force, ex. 0.89 and 0.77 MPa, under thermal

stimulation of ambient warm water, ex. 282.15 and 276.15 K. Comparative small driving forces

selected here is due to the assumption of no surface’s collapse. Computational conditions are

listed in Table 2. Result of flux at the surface is the converge value as shown in Figure 3. In

Figure 4(a)–(c) at time 0.16(s) show velocity vector of case 1 in three specific sections. In

Figure 5, the distributions of concentration at 0.16 s are presented. Slight CO2 discharges at

the surface. Relative temperature distributions are indicated in Figure 6. As time increases, the

dissociation heat of CO2 hydrate results in water temperature drop significantly as shown in

Figure 3. Converge value of case 1.
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Figure 4. Velocity vector in the vicinity of pellets (case 1: T = 282.15 K, Tini = 253.15 K, Re = 50, Sc = 755, Pr = 10, VTL = 5,

and time = 0.16 s). (a) Front section, (b) Center section and (c) Back section.

Figure 5. Concentration profile in three specific sections of cubic unit (case 1: time = 0.16 s, unit: mole/m2 s). (a) Front

section, (b) Center section and (c) Back section.

Figure 6. Temperature profile in three specific sections of cubic unit (case 1, time = 0.16 s, unit: K). (a) Front section, (b)

Center section and (c) Back section.
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Figure 7(a)–(c). Relative concentration distribution in center section is shown in Figure 8. The

heat of water conducts to the solid-side pellet rapidly in few seconds, and slowmass transfer at

the surface dominates the dissociation rate rather than fast heat transfer at the surface.

9. Discussion

To follow the modeling illustrated in [14]:

F3 ¼ kD f eq � f g

� 	

¼ kD0exp �
ΔE

RT

� �

f eq � f g

� 	

(15)

where kD0 mol Pa�1s�1m�2
� �

is the rate constant, f g Pað Þ is the fugacity of gaseous CO2, and f eq

is the fugacity of the quadruple equilibrium. They obtained kD0 and ∆E for CO2H as

1:83� 108 mol Pa�1s�1m�2 and 102:88 kJ mol�1, respectively, at temperature and pressure

Figure 7. Temperature versus time in center section of cubic unit (case 1, time = 0.16 s, 0.27 s, and 0.54 s, unit: K). (a) Front

section, (b) Center section and (c) Back section.

Figure 8. Concentration versus time in center section of cubic unit (case 1, time = 0.16 s, 0.27 s, and 0.54 s, unit: mole/m2 s).

(a) Front section, (b) Center section and (c) Back section.
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ranging from 274.15 to 281.15 K and from 1.4 to 3.3 MPa. However, new modified value of ∆E,

if considered the real case in the ocean quoted from [16], is 96:49 kJ mol�1. The order of

Reynolds number based on the size of a particle, about 16 μm, is calculated as 50. Clarke et al.

[28] determined the dissociation rate of CO2H by measuring the nucleated methane gas in V-L

state [14]. The comparison of three models is listed in Table 4. The results of dissociation flux

are summarized in Figure 9. Higher water temperature induces higher dissociation flux at the

surface of hydrate. Data correlated by [14] show much lower level than both Nihous’ model

and new model. The numerical results in this work marked as new model in Figure 9 show

consistent result compared with Nihous’ model. The dissociation flux in various flow rates in

cases 5, 7, and 8 are listed in Figure 10. Here, it is noted that porosity is not considered in both

Clarke’s and Nihous’ models, and these two models are only function of temperature and

fugacity as presented in Eq. (15). The trend of flux becomes saturated in the figure due to the

surface dissociation flux that becomes slow due to the fast mass transfer in bulk flow at

Reynolds number over 100.

Item Modeling Intrinsic rate of dissociation Ref.

Clarke’s Model Eq. (15) KD0 = 1.83 * 108mole/Pa s m; ΔE = 102.89 kJ/mole [14]

Nihous’ Model Eq. (15) KD0 = 1.83 * 108mole/Pa s m; ΔE = 96.49 kJ/mole [16]

New Model Eq. (1) Kbl = exp(�11,729/T + 26,398) [21]

Table 4. The comparison of three models.

Figure 9. Results of simulation compared to existing two models.
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10. Conclusions

The objective of this work is to establish a new pore-scale model for estimating the dissociation

rate of CO2H in laboratory-scale sediment samples. It is assumed that CO2H formed homoge-

neously in spherical pellets. In the bulk flow, concentration and temperature of liquid CO2 in

water flow was analyzed by computational fluid dynamics (CFD) method without considering

gas nucleation under high-pressure state. In this work, finite volume method (FVM) was

applied in a face-centered regular packing in unstructured mesh. At the surface of hydrate, a

dissociation model has been employed. Surface mass and heat transfer between hydrate and

water are both visualized. The initial temperature 253.15 K of CO2H pellets dissociated due to

ambient warm water flow of 276.15 and 282.15 K and fugacity variation, ex. 2.01 and 1.23 MPa.

Three tentative cases with porosity 74, 66, and 49% are individually simulated in this study. In

the calculation, periodic conditions are imposed at each surface of packing. Additionally, the

flux at CO2H’s surfaces is compared to Clarke and Bishnoi [13] and Nihous and Masutani [15]

‘s correlations at Reynolds number of 50. Numerical results of this work show good agreement

with Nihous’ model. Kinetic modeling by using 3D unstructured mesh of regular cubic unit

and CFD scheme seems to be a simple tool to estimate the dissociation rate of CO2H in

laboratory-scale experiments, and could be easily extended to determine complex phenomena

coupled with momentum, mass, and heat transfer in the sediment samples.
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Nomenclature

C volumetric molar concentration of CO2 in the ambient water mol m�3
� �

CH volumetric molar concentration of CO2 in the aqueous solution equilibrated with

the stable hydrate phase mol m�3
� �

C0 volumetric molar concentration of CO2 in water at the centroid of a cell attaching

to the hydrate surface mol m�3
� �

CI volumetric molar concentration of CO2 in the ambient aqueous solution at the

surface of the hydrate ball mol m�3
� �

CX average molar volumetric concentration of CO2 in the ambient water flow for a

given cross section of water flow mol m�3
� �

d diameter of the CO2 hydrate ball [m]

D diffusion coefficient of CO2 in water m s�2
� �

E activation energy J mol�1
� �

F dissociation rate flux mol s�1 m�2
� �

f eq fugacity of the quadruple equilibrium Pa½ �:

f g fugacity of gaseous CO2 Pa½ �

G molar Gibbs free energy J mol�1
� �

HL latent heat of hydrate dissociation J mol�1
� �

hL length of the water layer attached to the hydrate surface [m]

kD0 intrinsic dissociate rate constant based on Clarke-Bishnoi model

mol Pa�1s�1m�2
� �

kbl dissociation rate constant based on new model mol2 J�1 s�1m�2
� �

L thickness of computational cell [m]

MB molecular weight of water g mol�1
� �

P thermodynamic pressure [Pa]

Peq quadruple equilibrium pressure for CO2 hydrate as a

function of T [Pa]

Q volumetric flow rate of the ambient water m3s�1
� �
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_QH
the rate at which the latent heat is transferred to the CO2 hydrate by dissociation

Jm�2s�1
� �

R gas constant, 8.314 J K�1 mol�1
� �

T absolute temperature [K]

TL temperature at the centroids of a cell in the solid hydrate [K]

TH temperature at the centroids of a cell in the aqueous phase [K]

u velocity vectors [m/s]

x mole fraction of CO2 [-]

xeq solubility of CO2 in the aqueous solution in equilibrium with the stable hydrate

phase [-]

xI mole fraction of CO2 in the aqueous phase at the surface of the hydrate ball [-]

αL thermal diffusivity in the aqueous phase m s�2
� �

αH thermal diffusivity in the hydrate ball m s�2
� �

Δr thickness of the computational cell [m]

δ thickness of the boundary layer [m]

Δμ chemical potential difference J mol�1
� �

rw density of the ambient water kg m�3
� �

φ the association parameter for the solvent water

ηL the viscosity of water [mPa s�

VA the molar volume of CO2 m3mol�1
� �

νL kinematic viscosity of water ms�2
� �

λL heat conductivity of water W K�1 m�1
� �

λH and λL the heat conductivities in the hydrate and water WK�1m�1
� �
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Abstract

In this chapter, three-dimensional Casson nanoliquid flow in two lateral directions past 
a porous space by Darcy-Forchheimer articulation is examined. The study includes the 
impact of uniform heat source/sink and convective boundary condition. The administer-
ing partial differential equations are shaped to utilizing comparability changes into a set 
of nonlinear normal differential conditions which are fathomed numerically. The self-com-
parative arrangements are gotten and contrasted and accessible information for uncom-
mon cases. The conduct of parameters is displayed graphically and examined for velocity, 
temperature, and nanoparticle volume part. It is discovered that temperature and nanopar-
ticle volume fraction rise for enhancement of Forchheimer and porosity parameters.

Keywords: three-dimensional flow, Darcy-Forchheimer porous medium, Casson 
nanoliquid, uniform heat source/sink, convective boundary condition, numerical 
solutions

1. Introduction

In many assembling processes and for mechanical reason, the investigation of heat exchange 

and boundary layer flow over linearly and nonlinearly extending surface are much impera-

tive. These procedures and applications incorporate streamlined feature forming, wire draw-

ing, and paper generation where a specific temperature will be required for cooling the 
particles in the liquid. At first, the stream qualities have been analyzed by [1] overextending 

surfaces. The perfection of finishing up item relies upon the rate of warmth exchange at the 
surface of extending material. Many creators expanded crafted by [1] managed heat exchange 

qualities alongside the flow conduct in different physical circumstances in [2–8].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Non-Newtonian fluids can’t be portrayed because of nonexistence of single constitutive 
connection among stress and rate of strain. In the current year, non-Newtonian fluids have 
turned out to be increasingly essential because of its mechanical applications. Truth be told, 

the enthusiasm for boundary layer flows of non-Newtonian fluid is expanding significantly 
because of its extensive number of functional applications in industry producing preparing 

and natural fluids. Maybe, a couple of principle illustrations identified with applications are 
plastic polymer, boring mud, optical fibers, paper generation, hot moving, metal turning, and 
cooling of metallic plates in a cooling shower and numerous others. Since no single non-New-

tonian model predicts every one of the properties of non-Newtonian fluid along these lines 
examinations proposed different non-Newtonian fluid models. These models are essentially 
classified into three classifications specifically differential-, rate-, and fundamental-type flu-

ids. In non-Newtonian fluid, shear stresses and rates of strain/disfigurement are not directly 
related. Such fluid underthought which does not comply with Newton’s law is a straightfor-

ward non-Newtonian fluid model of respectful sort. In 1959, Casson displayed this model for 
the flow of viscoelastic fluids. This model has a more slow progress from Newtonian to the 
yield locale. This model is utilized by oil builds in the portrayal of bond slurry and is better 
to predict high shear-rate viscosities when just low and middle road shear-rate information 
are accessible. The Casson show is more exact at both high and low shear rates. Casson liquid 
has one of the kind attributes, which have wide application in sustenance handling, in metal-
lurgy, in penetrating operation and bio-designing operations, and so on. The Casson show 
has been utilized as a part of different businesses to give more exact portrayal of high shear-
rate viscosities when just low and moderate shear-rate information are accessible [9]. Toward 
the starting Nadeem et al. [10] introduce the idea of Casson fluid and demonstrate over an 
exponentially extending sheet. Numerous examinations identified with viscoelastic proper-

ties of liquid are underthought [11–17].

The nanoparticles in by and large are made of metal oxides, metallic, carbon, or some other 

materials [18]. Standard fluid has weaker conductivity. This weaker conductivity can be 
enhanced incredibly with the utilization of nanoparticles. Truly, the Brownian movement fac-

tor of nanoparticles is base fluid and is essential toward this path. An extraordinary measure of 
warmth is delivered in warm exchangers and microelectromechanical procedures to lessen the 
framework execution. Fluid thermal conductivity is enhanced by nanoparticle expansion just 
to cool such modern procedures. The nanoparticles have shallow significance in natural and 
building applications like prescription, turbine sharp-edge cooling, plasma- and laser-cutting 
procedure, and so on. Sizeable examinations on nanofluids have been tended to in the writ-
ing. Buongiorno [19] has investigated the mechanisms of nanofluid by means of snapshot of 
nanoparticles in customary base fluid. Such instruments incorporate nanoparticle measure, 
Magnus effect, dormancy, molecule agglomeration, Brownian movement, thermophoresis, 
and volume portion. Here, we introduce some imperative scientists who have been accounted 
for by considering the highlights of thermophoretic and Brownian movement [20–27].

In displaying the flow in permeable media, Darcy’s law is a standout among the most 
prominent models. Particularly, flow in permeable media is exceptionally valuable in grain 
stockpiling, development of water in repositories, frameworks of groundwater, fermen-

tation process, raw petroleum generation, and oil assets. In any case, it is by and large 
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perceived that Darcy’s model may over anticipate the convective streams when the inertial 
drag and vorticity dissemination coproductive are considered. The expansion of estab-

lished Darcy demonstrates incorporates inertial drag and vorticity dispersion. To think 

about the inertial drag and vorticity dispersion, Forchheimer [28] joined the root mean 

square. Forchheimer’s term was named by Muskat [29] and inferred that the consideration 

of Forchheimer’s term is substantial for high Reynolds number. Pal and Mondal [30] exam-

ined the hydromagnetic Darcy-Forchheimer flow for variable liquid property. Utilizing 
HAM strategy, Hayat et al. [31] got the systematic answer for Darcy-Forchheimer stream 
of Maxwell liquid by considering the Cattaneo-Christov hypothesis. Vishnu Ganesh et al. 
[32] analyzed the thick and Ohmic dispersals, and the second-order slip consequences for 
Darcy-Forchheimer flow of nanoliquid past an extending/contracting surface. Scientific 
model for Darcy-Forchheimer stream of Maxwell fluid with attractive field and convec-

tive boundary condition is given by Sadiq and Hayat [33]. Utilizing Keller’s box strategy, 
Ishak et al. [34] numerically examined the magnetohydrodynamic flow and heat exchange 
exhibitions over an extending cylinder. Mixed convective flow and the related warmth 
and mass exchange qualities over a vertical sheet immersed in a permeable medium have 

been explored by Pal and Mondal [35] by considering different impacts, for example, Soret, 
Dufour, and thermal radiation.

The principle objective here is to uncover the Darcy-Forchheimer connection on a three-
dimensional Casson nanofluid flow past a stretching sheet. Heat transfer is handled with 
regular heat generation/absorption and convective-type boundary condition.

2. Mathematical formulation

Three-dimensional flow of Casson nanofluid filling permeable space by Darcy-Forchheimer 
connection is considered. Flow is bidirectional extending surface. Nanofluid model depicts 
the properties of Brownian dispersion and thermophoresis. Concurrent states of heat con-

vective and heat source/sink are executed. We receive the Cartesian coordinate in such a way 
to the point that and pivot are picked along  x  and  y  ordinary to the stretchable surface. Let   

U  
w

   (x)  = ax  and   V  
w
   (y)  = by  be the extending velocity along  x  and  y  directions separately. The 

surface temperature is directed by a convective heating procedure which is depicted by heat 
exchange coefficient   h  

f
    and temperature of hot liquid   T  

f
    under the surface (see Figure 1). The 

boundary layer equations for flow underthought are

    ∂ u ___ 
∂ x   +   ∂ v ___ 

∂ y   +   ∂ w ___ 
∂ z   = 0,  (1)

  u   ∂ u ___ 
∂ x   + v   ∂ u ___ 

∂ y   + w   ∂ u ___ 
∂ z   = ν (1 +   1 __ β  )     ∂   2  u ___ 

∂  z   2 
   −   ν __ 

K
   u −  Fu   2 ,  (2)

  u   ∂ v ___ 
∂ x   + v   ∂ v ___ 

∂ y   + w   ∂ v ___ 
∂ z   = ν (1 +   1 __ β  )     ∂   2  v ___ 

∂  z   2 
   −   ν __ 

K
   v −  Fv   2 ,  (3)
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u   ∂ T ___ 

∂ x   + v   ∂ T ___ 
∂ y   + w   ∂ T ___ 

∂ z   =  α  
m
      ∂   2  T ___ 
∂  z   2 

   +   
  (𝜌c)   p  

 ____   (𝜌c)   f  
   ( D  

B
   (  ∂ T ___ 

∂ z     ∂ C ___ 
∂ z  )  +   

 D  
T
  
 ___ 

 T  ∞  
     (  ∂ T ___ 

∂ z  )    
2

 ) 
      

                               +   
 q  

0
  
 ____   (𝜌c)   p  
   (T −  T  ∞  ) 

    

      (4)

  u   ∂ C ___ 
∂ x   + v   ∂ C ___ 

∂ y   + w   ∂ C ___ 
∂ z   =  D  

B
   (   ∂   2  C ___ 

∂  z   2 
  )  +   

 D  
T
  
 ___ 

 T  ∞  
   (   ∂   2  T ___ 

∂  z   2 
  )   (5)

and boundary conditions of the problem is

  u = ax, v = by, w = 0, − k   ∂ T ___ 
∂ z   =  h  

f
   ( T  

f
   − T) , C =  C  

w
   at z = 0  

  u → 0, v → 0, T →  T  ∞  , C →  C  ∞   as z → ∞  (6)

Here  u, v  and  w  represent as components of velocity in  x, y  and  z  directions, respectively;  

ν =   
μ

 __
  ρ  

f
      stands for kinematic viscosity;  μ  for dynamic viscosity;   ρ  

f
    for density of base liquid;  

K  for permeability of porous medium;  F =   
 C  

b
  
 ___
 

 xK     
1
 

__
 

2
   
    for nonuniform inertia coefficient of porous 

medium;   C  
b
    for drag coefficient;  T  for temperature;   α  

m
   =   K ____   (𝜌c)   f  

    for thermal diffusivity;   q  
0
    volu-

metric rate of heat generation and absorption;  β  is the Casson parameter;  k  for thermal con-

ductivity;    (𝜌c)   p    for effective heat capacity of nanoparticles;    (𝜌c)   
f
    for heat capacity of fluid;  

C  for concentration;   D  
B
    for Brownian diffusion coefficient;   D  

T
    for thermophoretic diffusion 

coefficient;   T  ∞    for ambient fluid temperature;   C  ∞    for ambient fluid concentration; and  a  and  b  

for positive constants.

Selecting similarity transformations are

  u =  axf    '  (ς) , v =  ayg   '  (ς) , w = −   (a𝜈)      
1 __ 
2
    (f + g) ,  

Figure 1. Geometry of the problem.
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  θ (ς)  =   
T −  T  ∞  

 _____ 
 T  

f
   −  T  ∞  

  , ϕ (ς)  =   
C −  C  ∞  

 ______ 
 C  

w
   −  C  ∞  

  , ς =   (  a __ ν  )    
  1 __ 
2
  

  z   (7)

Applying Eq. (7) in (1) is verified. and Eqs. (2)–(5) are

    (  1 +   1 _ β   )    f   '''  +   (  f + g )    f   ''  − f  '        2   − λ  f    '  −  F  
r
   f  '        2   = 0  (8)

   (1 +   1 __ β  )   g   '''  +  (f + g)   g   ''  − g  '   2  −  𝜆g   '  −  F  
r
   g  '   2  = 0  (9)

   θ   ''  + Pr  ( (f + g)   θ   '  +  Nb𝜃   '  ϕ   '  + Nt𝜃  '   2 )  + Pr Q𝜃 (η)  = 0  (10)

   ϕ   ''  + Le Pr  (f + g)   ϕ   '  +   Nt ___ 
Nb

    θ   ''  = 0  (11)

Boundary conditions of Eq. (6) become

  f (0)  = g (0)  = 0,  f    '  (0)  = 1,  g   '  (0)  = α,  θ   '  (0)  = − Bi (1 − θ (0) ) , ϕ (0)  = 1,  

   f    '  (∞)  → 0,  g   '  (∞)  → 0, θ (∞)  → 0, φ (∞)  → 0  (12)

In the above expressions,  λ  stands for porosity parameter,   F  
r
    for Forchheimer parameter,  α  

for ratio parameter,  Pr  for Prandtl number,  Le  for Schmidt number,  Bi  for Biot number,  Nt  

for thermophoresis parameter,  Nb  for Brownian motion parameter, and  Q  heat source/sink 

parameter.

These dimensionless variables are given by

  

λ =   ν ___ 
Ka

  ,  F  
r
   =   

 C  
b
  
 ___ 

 K     
1 __ 
2
   
  ,  α =   b __ a  , Pr  =   ν ___  α  

m
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 D  
B
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0
  
 ____ aρ c  
p
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k
    √ 
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p
    D  
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    (   T  

f
   −  T  

∞
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  (  ρc )    
p
    D  

B
    C  

∞
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f
   ν

  .

     

Dimensionless relations of skin friction coefficient, local Nusselt number, and local Sherwood 
number are as follows:

   Re  
x
         

1 __ 
2
   
    C  

fx
   =   (  1 +   1 _ β   )    f   ″   (  0 )   ,   (    x _ y   )    Re  

y
         

1 __ 
2
   
    C  

fy
   = α  (  1 +   1 _ β   )    g   ″   (  0 )   ,  

   Re  
x
       −  1 __ 

2
     N  u  

x
   = −  θ   ′   (  0 )   , and  Re  

x
       −  1 __ 

2
     S  u  

x
   = −  ϕ   ′   (  0 )   ,  

where   Re  
x
   =  U  

w
     x __

 ν    and   Re  
y
   =  V  

w
     
y
 __
 ν    depict the local Reynolds numbers.
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 ς  f (ς)    f   ′  (ς)   −  f   ″  (ς)  

0 0.000000 1.000000 0.763674

1 0.695167 0.456344 0.365768

2 1.008110 0.202536 0.166242

3 1.146071 0.088680 0.073585

4 1.206291 0.038589 0.032175

5 1.232460 0.016746 0.013992

6 1.243809 0.007258 0.006070

7 1.248727 0.003144 0.002630

8 1.250857 0.001362 0.001139

9 1.251780 0.000590 0.000493

10 1.252179 0.000255 0.000213

11 1.252352 0.000111 0.000092

12 1.252427 0.000047 0.000040

13 1.252460 0.000020 0.000017

14 1.252474 0.000008 0.000007

15 1.252480 0.000006 0.000003

16 1.252482 0.000001 0.000001

17 1.252483 0.000000 0.000000

Table 1. Convergence analysis of the present work.

3. Results and discussion

The correct arrangements do not appear to be achievable for an entire arrangement of 

Eqs. (8)–(11) with proper limit conditions given in Eq. (12) in light of the nonlinear shape. 
This reality compels one to get the arrangement of the issue numerically. Suitable like-

ness change is received to change the overseeing incomplete differential conditions into an 
arrangement of non-straight customary differential conditions. The resultant limit esteem 
issue is understood numerically utilizing an efficient fourth-order Runge-Kutta method 

alongside shooting method (see Ramesh and Gireesha [27]). Facilitate the union examina-

tion is available in Table 1. For the verification of precision of the connected numerical 
plan, an examination of the present outcomes compared to the  −  (1 +   1 __ β  )   f   ″  (0)   and  −  (1 +   1 

__
 β  )   

g   ″  (0)   (nonappearance of Forchheimer parameter, porosity parameter) with the accessible 
distributed consequences of Ahmad and Nazar [16] and Nadeem et al. [15] is made and 

exhibited in Table 2, demonstrates a great understanding in this manner give confidence 
that the numerical outcomes got are precise.

This section is fundamentally arranged to depict the effect of different correlated physical 
parameters on velocity profiles   f    ′  (ς) ,  g   ′  (ς)  , temperature profile  θ (ς)  , nanoparticle part  ϕ (ς)  , skin 
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friction coefficient, and the local Nusselt and local Sherwood number through Figures 2–16. 

Give the first focus on the impact of extending parameter   (α)   on velocity profile as shown in 
Figure 2. It is noticed that for expanding benefits of extending parameter  α , it decreases the 

speed   f    ′  (ς)  , while   g   ′  (ς)   fluctuates for different benefits of extending parameter  α . It see that 

for  α = 0 , exhibit wonders lessen the instance of two dimensional linear stretching, while for  

Figure 2. Influence of  α  on velocity field.

 β  c = 0  c = 0.5  c = 1.0 

 −  (1 +   1 __ β  )   f   ″  (0)   −  (1 +   1 __ β  )   f    ″  (0)   −  (1 +   1 __ β  )   g   ″  (0)   −  (1 +   1 __ β  )   g   ″  (0)  

1 1.414213

[15, 16]

1.545869

[15, 16]

0.657899

[15, 16]

1.659891

[15, 16]

5 1.095445

[15, 16]

1.197425

[15, 16]

0.509606

[15, 16]

1.285746

[15, 16]

1000 1.000499

[15, 16]

1.093641

[15, 16]

0.465437

[15, 16]

1.174307

[15, 16]

Table 2. Current numerical values and validation for friction factor  −  (1 +   1 __ β  )   f   ″  (0)  .
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Figure 3. Influence of  Fr  on velocity fields.

Figure 4. Influence of  Fr  on temperature and concentration fields.
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Figure 5. Influence of  λ  on velocity field.

Figure 6. Influence of  λ  on temperature and concentration fields.
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Figure 7. Influence of  β  on velocity fields.

Figure 8. Influence of  β  on temperature and concentration fields.

Heat and Mass Transfer - Advances in Modelling and Experimental Study for Industrial Applications52



Figure 9. Influence of  Pr  on temperature fields.

Figure 10. Influence of  Nb  on temperature and concentration fields.
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Figure 11. Influence of  Nt  on temperature and concentration fields.

Figure 12. Influence of  Le  on temperature and concentration fields.
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Figure 13. Influence of  Q  on temperature field.

Figure 14. Influence of  Bi  on temperature and concentration fields.
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Figure 15. Variation of  −  θ   ′  (0)   and  −  ϕ   ′  (0)   with  β  for different values of  Fr, λ .

Figure 16. Variation of  −  θ   ′  (0)   and  −  ϕ   ′  (0)   with  Bi  for different values of  Q .
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α = 1 , sheet will extended along the two bearings with a similar proportion (axisymmetric 
case), and third and last case identify with extending proportion parameter  α  other than 0 or 

1; at that point, the flow conduct along both directions will be extraordinary.

Attributes of Forchheimer parameter   (Fr)   on   f    ′  (ς) ,  g   ′  (ς)   is plotted in Figure 3. Obviously,   f    ′  (ς) ,  
g   ′  (ς)   is a diminishing capacity of  Fr . Figure 4 features the impact of  Fr  on  θ (ς) , ϕ (ς)  . Of course  
θ (ς) , ϕ (ς)   and related thickness of boundary layer are higher when  Fr  increments. Figure 5 

illustrates the varieties in   f    ′  (ς) ,  g   ′  (ς)   for particular estimations of  λ . Both   f    ′  (ς) ,  g   ′  (ς)   and related 

layer thickness decay for larger  λ . Physically, nearness of permeable media is to upgrade the 

protection from smooth movement which makes decay in fluid speed and thickness of energy 
boundary layer. Figure 6 depicts the impact of  λ  on  θ (ς) , ϕ (ς)  . It is discovered that bigger  λ  

causes an addition in  θ (ς) , ϕ (ς)  .

Figure 7 showed the impacts of non-Newtonian Casson fluid parameter   (β)   on velocity pro-

files   f    ′  (ς) ,  g   ′  (ς)  . It is seen that with the influence of  β  infers an abatement in the yield worry 
of the Casson fluid. This successfully encourages flow of the fluid, i.e., quickens the bound-

ary layer flow near the extending surface, as appeared in Figure 7. In addition, it is found 

that with substantial estimations of  β , the fluid is nearer to the Newtonian fluid. Truth be 
told, expanding estimations of the Casson fluid parameter  β  upgrade both temperature and 

nanoparticle division which is shown in Figure 8.

The variety in dimensionless temperature profile  θ (ς)   with expanding estimations of gener-

alized Prandtl number  Pr  is appeared through Figure 9. The temperature profile diminishes 

Figure 17. Variation of  −  θ   ′  (0)   and  −  ϕ   ′  (0)   with  Nt  for different values of  Nb .
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with an expansion in the estimations of Prandtl number  Pr , as Prandtl number is the pro-

portion of energy diffusivity to thermal diffusivity. So, an expanding estimation of Prandtl 
number  Pr  infers a moderate rate of thermal dissemination which thus lessens the thermal 
boundary layer thickness. It can be directly seen that Prandtl number has more noticeable 

impact on Newtonian liquid when contrasted with non-Newtonian liquid.

Figure 10 displays the temperature  θ (ς)   and the nanoparticle division  ϕ (ς)   for variable estima-

tions of Brownian movement  Nb . The fluid velocity is found to increment with expanding  
Nb , while in nanoparticle fraction decreases as  Nb  expansion which consequently improves 
the nanoparticle’s concentration at the sheet. This might be because of the way the Brownian 
movement parameter diminishes the mass exchange of a nanofluid. The diagram of thermo-

phoresis parameter  Nt  on the temperature  θ (ς)   and the nanoparticle part  ϕ (ς)   profiles is por-

trayed in Figure 11. From these plots, it is seen that the impact of expanding estimations of  Nt  

is to build the temperature and nanoparticle fraction.

Figure 12 shows the impact of Lewis number  Le  on temperature  θ (ς)   and the nanoparticle 

portion  ϕ (ς)   profiles. It is take note of that the temperature of the liquid increments how-

ever nanoparticle portion of the fluid diminishes with increment in  Le . Physically truth that 

the bigger estimations of Lewis number makes the mass diffusivity littler, subsequently it 
diminishes the fixation field. The impacts of heat source/sink parameter  Q  can be found in 

Figure 13. For  Q > 0  (heat source), it can be seen that the thermal boundary layer produces 

the vitality, and this causes the temperature in the thermal boundary layer increments with 
increment in  Q . Though  Q < 0  (heat sink) prompts diminish in the thermal boundary layer.  

Q = 0  speaks to the nonattendance of heat source/sink.

Impacts of the Biot number   (Bi)   on temperature are shown in Figure 14. Physically, the Biot 

number is communicated as the convection at the surface of the body to the conduction inside 

the surface of the body. At the point when thermal angle is connected at first glance, the pro-

portion representing the temperature inside a body fluctuates significantly, while the body 
heats or cools over a period. Regularly, for uniform temperature field inside the surface, we 
consider  Bi < < 1 . In any case,  Bi > > 1  portrays that temperature field inside the surface is 
not uniform. In Figure 14, we have examined the impacts of Biot number  Bi  on the tempera-

ture and nanoparticle portion profiles in two ways. The first one is the situation.

when  Bi < 1 . It is seen from Figure 14 that for the littlest estimations of the Biot number  
Bi < 1 , the variety of temperature inside the body is slight and can sensibly be approximated 

as being uniform. While in the second case,  Bi > 1  delineates that the temperature inside the 

body is not performing a uniform conduct (see Figure 14).

The impact of physical parameter on nearby Nusselt  −  θ   ′  (0)   and Sherwood number  −  ϕ   ′  (0)   is 

displayed in Figure 15. We can see through Figure 15 that non-Darcy-Forchheimer connection 

creates the low heat and mass at the divider when contrasted with the Darcy-Forchheimer con-

nection. Thus, it is seen with an expansion of the two reasons for speeding up in the  λ and Fr . 

From Figure 16, the expanding estimations of the heat source/sink parameter   (Q)   improve the 

local Nusselt number  −  θ   ′  (0)   and decrease the local Sherwood number  −  ϕ   ′  (0)   with  Bi  . A similar 

conduct is likewise found for the variety in  Nt and Nb  which is portrayed in Figure 17.
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4. Conclusions

Three-dimensional flow of Casson nanoliquid within the sight of Darcy-Forchheimer con-

nection, uniform warmth source/sink, and convective type boundary condition is consid-

ered. Numerical plan prompts the arrangements of physical marvel. From this investigation, 

we analyzed that the expanding Casson parameter compares to bring down velocity and 
higher temperature fields. The nearness of  Fr  and  λ  caused a lessening in velocity and increas-

ing speed on temperature and nanoparticle portion. The bigger Biot number improved the 

temperature and nanoparticle division. Additionally, for vast estimations of Biot number, 

there are no noteworthy changes in  −  θ   ′  (0)   and  −  ϕ   ′  (0)  , which are available in Table 3. In heat 

exchange issues, heat sink parameter controls the relative thickening of the force and the 

thermal boundary layers.
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 Bi  −  θ   ′  (0)   −  ϕ   ′  (0)  

0.1 0.084997 1.521377

0.5 0.239615 1.532624

2 0.324388 1.568759

5 0.343057 1.582440

10 0.349174 1.587619

50 0.353999 1.591990

100 0.354597 1.592550

500 0.355075 1.593001

1000 0.355134 1.593057

5000 0.355182 1.593102

10,000 0.355188 1.593108

100,000 0.355193 1.593113

1,000,000 0.355194 1.593113

5,000,000 0.355194 1.593114

Table 3. Computational values of local Nusselt number and local Sherwood number for several values of  Bi .
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