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KEYWORDS Abstract Turbulent flows play a major role in many fields of science and industry. Noticeable
Turbulent flow: attention is seen on turbulent flows of suspending fibers because of the sensitivity of the electrical,
Fiber suspension; thermal, and mechanical properties of the connecting fiber composites to the spatial configuration
Rotating frame; and orientation of fibers. The involvement of fibers in the turbulent flow greatly affects the turbu-
Correlation tensor; lent energy. It is more influenced when the turbulent flow occurs in a rotating system. The effect of
Pressure-velocity correlation fibers on the turbulent energy in the rotating frame must therefore be investigated. For turbulent

energy with fiber suspension, a mathematical model can be built in a rotating system that is very
important to enhance the quality of industrial goods. This paper, therefore, develops a mathemat-
ical model for turbulent energy motion in a rotating frame with a fiber suspension. The model was
formulated using the averaging procedure. The momentum equation for incompressible and viscous
fluid turbulent flow was considered to develop the model. The turbulent energy motion of the fiber
suspensions was presented in the rotating frame in second-order correlation ten-
sors, Wij, Sij, Lij, Fij, Gij, Dij, Q;;, andH,;, where all the tensors are the function of time, distance,

and space coordinates.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0)).

1. Introduction

Rigorous theoretical investigations have been made on the tur-
bulent flow due to its numerous applications. The applications
are often seen in science, engineering, and industry, particu-
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vehicles, influencing the resistance of flow to their bodies. Also,
turbulence extends the energy required to propagate blood
flow as turbulence may gain the energy loss for the case of fric-
tion like suspension of fibers in a turbulent flow.

The fluid flow behavior is described by turbulent motion
that is based on fundamental laws of momentum, energy,
and mass conservation. The equation of turbulent motion
was derived by Hinze [1] in the second-order correlation, where
the correlations were expressed in pressure—velocity and veloc-
ity fluctuations in the flow domain. But, the parameters that
may affect the turbulent motion were not considered in his
study to assess their impacts. A new mathematical model is
therefore needs to be developed to overcome these issues and
to conduct further research. The turbulent motion is signifi-
cantly affected when fibers are injected into the flow. Suspen-
sion of fibers in turbulent flow is utilized in a greater portion
of the industrial sector, especially in the papermaking, textile
industry, chemical engineering, environmental engineering,
producing composite materials, and so on. The fiber suspen-
sion property significantly affects the quality of products.
Fiber suspensions into the turbulent flow also influence the
light scattering, rheology, and transport properties of the sus-
pensions. As a result, the turbulent flow along with fiber sus-
pensions is becoming an incredible interest in several areas of
industrial engineering.

For about the last thirty years, several researches [2-17]
have been conducted on turbulent flow with fiber suspensions.
Cho et al. [18] carried out preliminary research on turbulent
fiber (ice crystals) motion. They discussed atmospheric turbu-
lence and its impact on the orientation of fibers. The mean ori-
entation of the fibers was not influenced substantially by
atmospheric turbulence. Some other researches on fiber
motion of turbulent flow involved glass fibers deposition in
the human source tract [19.20]. Bernstein and Shapiro [21]
assessed the lateral and axial orientation of fibers (glass) by
considering different types of flow, namely laminar and turbu-
lent flow. The axial distribution of fibers was observed wider
close to the center of the pipe for the laminar flow, whereas
nearly uniform distribution was found for the turbulent flow.
Equations of motion of fluid flow were solved by Lin et al.
[22] with a spectral approach, and fiber trajectories were calcu-
lated on the theory of the slender body. In their study, the
Stokes number was found as a critical parameter for describing
the spatial orientation of fibers on a large-scale. Its impact on
fibers’ orientation is trivial, and the fiber direction ratio has a
minimal impact on fibers’ orientation distribution. Fiber distri-
bution was also simulated in a turbulent pipe flow [23]. The
results showed that the distribution of fibers becomes broader
with expanding Reynolds number (Re). The fibers’ velocity
fluctuation intensity was larger along the flow direction than
that of cross direction whereas it was reverse for the fibers’
angular velocity fluctuation intensity.

Kagermann and Koehler [24] examined the motion of non-
spherical particles in turbulent flows. Noninteracting rigid
spheroids were considered and suspended in homogeneous tur-
bulent flows. The renormalized expansion was used in their
study for the development of a kinetic equation with the
Lagrangian correlation function of the turbulent velocity field
and the orientational spheroid relaxation frequenciesw,and the
coefficient of translational diffusion D. The moment method
was applied to obtain the coupled integral relations of D
andw,. These were numerically solved for various energy spec-

trum correlation frequencies. The rotational and translational
dispersion coefficients were found by Olson et al. [25], where
the velocity between fluid and particles was ignored. Such dis-
persion coefficients of fiber were also obtained by Gao et al.
[26] by balancing the virtual mass force and Stokes drag. They
also analyzed the relationships between flow length scale and
dispersion coefficients. Through these investigations, it is
found that the particle length is increased while the dispersion
coefficients are decreased. In most of the previous studies, the
orientations of fibers were emphasized in turbulent flows.
However, the turbulent properties of fiber suspensions were
not considered or focused on those studies.

Lin et al. [27] proposed an equation for the fluid fluctuating
velocity involving cylindrical particles in turbulent channel
flow. They determined the Reynolds stress and fluid turbulent
intensity by solving the equation with the mean of the fluctu-
ating velocity. It was found that fibers play a key role in turbu-
lent properties. However, the fluid impact on the suspended
fibers was not considered in this study. Yang et al. [28] derived
a two-way coupling model for turbulent flow to predict the
additive-carrier flow field interaction. The probability distribu-
tion of fiber orientation was calculated using the Fokker-Plank
equation. The impact of fiber concentration on rheological
properties of suspended fibers and the distribution of fiber ori-
entation were analyzed through numerical simulation. Numer-
ical results demonstrated that a proper rise in concentration
can enhance fiber alignment while the fiber concentration is
near the semi-dilute phase. In other studies [29-31], only the
experimental investigation was made to minimize the drag in
turbulence with fiber suspensions.

Several studies [5,32-42] have been conducted in a rotating
frame, particularly on the turbulent motion. Mahariq et al. [41]
identified a nonlinear model for a flexible high aspect ratio
with a free vibration response in a rotating system. The good
accuracy was illustrated for the identified nonlinear model in
contrasts between calculations and experiments. The average
rotation prompts dynamical impacts on the turbulent flow that
come into the transport equations over the pressure-strain-rate
correlation [43]. In rotating turbulent flows, the rotation gen-
erates auxiliary body forces such as Coriolis and Centrifugal
forces, following up on the turbulent structures, and thus the
transfer mechanism of momentum is quite complex. However,
most of the studies did not consider or discuss the impacts of
system rotation with various angles due to the difficulties in the
rotational frame.

Coriolis force performs a vital role in a rotating system for
turbulent flow [44]. You et al. [36,45] made an experimental
investigation to assess the Coriolis force impact on the turbu-
lent flow in the rotating system. The authors considered parti-
cle image velocimetry (PIV) to quantify the flow field. The flow
fields between the trailing and leading side were found different
because of the Coriolis force effect [35]. The Coriolis force
enlarged the vortex close to the leading side whereas it sup-
pressed the vortex close to the trailing side. Coriolis force
showed a noticeable impact on the vortices in the flow field.
It was also demonstrated that not only the Coriolis force but
also secondary flow affects the flow field which should not
be ignored.

Through a literature survey, it is found that several sorts of
research were presented on the laminar flow behavior of fiber
suspensions because of the simplicity in the laminar flow. But,
the turbulent flow behavior study of fiber suspensions are still
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inadequate owing to the complexity in turbulence and fiber
motion. The flow behavior is abruptly changed and suffered
from complexity if it occurs in a rotating frame. Due to the
complexity and the difficulty level in mathematical modeling,
no study has been undertaken on the turbulent energy of fiber
suspensions in a rotating frame. Thus, this study is very impor-
tant and timely for the industrial and engineering community.
Therefore, this study aims to develop a model for the turbulent
energy of fiber suspensions in a rotating frame. The resulting
equation modeled by partial differential equations can be gen-
eralized for time—space fractional-order [46-49], and can there-
fore be useful to the broader scientific community. Due to the
high accuracy, the spectral element method (SEM) [50-54] can
be applied in solving the presently developed energy motion
equation, and the SEM applications [55,56] are also recom-
mended for further research.

2. Formulation of the model

The momentum equations of motion and the continuity for
incompressible and viscous fluid turbulent flow are:

ou  Ow  1dp  Pu

T A 260, 1
ot +u ox; 0 Ox; +0o 9x,0x; Eijis el (1)
au,-

oxi 0 @)

In the case of fiber suspension in the flow field, the equation
(1) becomes [3],
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The following energy equation of motion is obtained for a
rotating frame:

T 1 op u;
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Therefore, the equation of turbulent energy motion for
fiber suspensions in the rotating frame is given by
Ou; du; 1 dp &,

Hy
R 26 + L
or T Ox; p Ox; * U(’?x,ax/ Gttt & o

X == a[/'l)nslm . (Iija[m)glm
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— 2(Qun;)sind (5)
with the components of fluid velocity u;(x, ¢), pressure field
p(x, 1), kinematical viscosity for the suspending fluid v, fluid

densityp, permutation symbol ¢;; (three-dimensional), turbu-
lence dissipation & (per unit mass), rotation vector €,

~ - 2. . . .
p= %’ +1|Qx u‘ indicates the generalized pressure consists of

prospective centrifugal force, apparent viscosity for fiber sus-

pensions,, tensor of strain rate &, = % (57:’ +‘2)‘—‘\1>, turbulent
intensity for fiber suspensions/;, second and fourth-order ori-

entation tensors of fiber a;, and a;, respectively,

—2(Qiu;n;)sind = =2 (f) X &) specifies the Coriolis force with

the angular velocity Q; and the unit vector # normal to&andﬁ,

0 is the measured angle betweenuand Q, and fs time.
Consider B and C are any points of the flow domain and
suppose b & ¢ are the given directions from the two points B
and C respectively. Thus, u;, and u. can be taken as the velocity
components along with the directions B and C. Assume that

[],-is the average velocity which is constant all over the field
considered and time-independent.
Therefore,

(Vi= i), (U= ),

Each term has a value that can be determined by utilizing
the equations for u; at B point and foru;at C point.

At point B, the energy equation can be expressed foru;from
Eq. (5),
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Since, ( O > = 0 for an incompressible fluid, the Eq. (6)
B

u,ﬁ
is derived as
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Multiplying by (x;) ., the Eq. (7) gives
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B

where (u;) . is considered as constant at point B for a differ-
ential approach.
Similarly, for u;the energy equation is obtained at point C:
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By adopting the condition, (uj g"‘) = Ofor an incompress-

ible fluid, Eq. (9) yields
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The Eq. (10) is expressed as the following by

multiplying(u;) 5
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where (u;), are considered as constants in differential
approach at C point.
Adding the Eqgs. (8) and (11),
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To address turbulent energy relations at C toward those at
B point, it will not make any differences if any of the points of
B and C is considered as the origin for the coordinate system.
Point B has been taken here as the origin. The independent
variables, t;have been chosen to distinguish the impacts
between location and distance,

= (Xk)e — (%)

Thus, the followings are obtained,
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Substituting the above expressions in Eq. (12) and taking
the average to all of the terms, Eq. (12) becomes
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Eq. (13) gives the average motion of turbulent energy for
the suspension of fibers in the rotating system, where the tur-
bulent fiber motions move with the average velocity, U, as
regards to a coordinate system. The coefficient term of U,
was vanished because of its constant-derivative.

The Eq. (13) consists of the double-velocity correlations

(u;)5(u;) .. double-pressure-velocity ~correlations pg(u)),.

triple-velocity correlations, for example, (u,—)B(uk)B(uj) > Where
all of these terms are at a distance from one to another. The
pressure-velocity correlations, po(u;), and p. () , make
first-order tensors, since the pressure is considered as a scalar
quantity.  Similarly, the triple-velocity  correlations,
() (i) () on and (u;) (ur) (17) form third-order tensors.
In the flow field, the double triple pressure—velocity and veloc-
ity correlations at the points B and C are illustrated in Fig. 1(a,
b) and Fig. 2 separately, where d is the gap between the points
Band C.

The first-order, second-order, and third-order correlations
can  be designated by (K,),»(Wij) e and(Sa,),
respectively.

Therefore, the velocity correlations and pressure—velocity
correlations become

(K"J’)B‘(,‘ = =DPs (”1)c (WiJ)B,C = ()5 (w;) c

(Sik,/') BC — (ui)B(uk)B(u/) C7and (Sllk/') BC — (ui)B(uk)C(uj)C'

wherepspecifies the pressure that is an index not like the
dummyiorj, and thus the summation must not be applied top.

The  terms (i) () g (Emi Qg (1)) o (Qiem,) 5 (1))
and (Quyn;) (u;) form second-order correlation tensors which
can be denoted by M;;, N;;, Fi;, andG; respectively whereas the
(Lxtmem) - (ui) yand (@jemem) (u;) form  third-order
correlation tensors, those can be represented by H,

() gy (k) .0

terms
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Fig. 2 Triple velocity correlation at B and C.

andD, yrespectively. Thus, the following expressions are
obtained:

(M'l/')g,c = (emiutar) y (17) ¢ (Nig) p o = (S/k’Qk”/)C(”i)B(D'}/k)B,C
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= (Qum;) (w) ,
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Substituting the above expressions of the correlations, Eq.
(14) yields

0 0 0 1 0 0
o Wiy = 5= Sikj+5—Six = p <_ 50 Kt 7~K1¥1’)
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where the correlations in Eq. (14) concerning the measured
points, B and C.

For an incompressible flow and isotropic turbulence, the
double correlations of pressure—velocity must be zero, that
means,

(kPJ)B,c =0, (k'EII)BC =0

The statistical properties have no specific directional prefer-
ence for the isotropy. The fluctuations in velocity are indepen-
dent regards to the reference axis, that is, invariant to

(b)

X5

Double correlations between points B and C. (a) Pressure at B and velocity at C. (b) Velocities upat B and u.at C.

reflection and rotation of the axis. According to the isotropic
definition, (W,-.j)BC = (u;)5(u;) . = 0 for every i#j. In a rota-
tional system through the angle 180° about the x;-axis must
give the following due to the isotropy:

(1) p(12) ¢ = (1) p[ = (w2)] ¢ = = (1) y(02) ¢

which will be true while (u,) (1) , = Oonly.

The turbulence of isotropic is a model in a restricted
domain, where it is not affected by the constraints encasing
the fluid, also the measurable moments are orientation-
independent and spatially invariant. The invariance condition
under reflection in isotropic turbulence as regards to B is fol-
lowed by,

(i) p (1) ¢ () ¢ = — (i) 5 (1) () .

or, (Si‘kj)s,c = _(Skjvi)B,('
Thus, Eq. (14) can be derived as
d ) >
21 Wi — D0 (Sik,j + S/c/',i) = zvm Wi;
—2[(Mi; + Nyy) + (Fi; + Gyj)sin0]
My 0 1 0
+;f ~ e (Do Dity) +3 5 (Huy + Hr) (15)

The terms% (D/‘k.i + Dik,j),%k (Sik,/ + Sk/,i) ,0% (Hik,/' + ij,i)7
(M;;+ Ny;), and (F;;+ G;;) form second-order tensors, let
denote these byD;;, Si;, Hij,Lij, and Q; respectively and defined
as:

0 0
Dij =g (Djei+ Dij) Siy = BN

Hij = 50 (Hyj+ Hii)Lij = (Mij + Nij). and

Q= (Fy+Gy).
Therefore, Eq. (15) yields

(Sik,/ + Sk_/,i)

2

v Orké?rk

W 1
- ;’ (D,-:, - gH,-},.) (16)

This equation expresses the turbulent energy motion for
fiber suspensions in the rotating system expressed in second-
order correlation tensors.

0

EW,-},*S,-},-=2{

Wi,j — Li:f — Q,-J-Sine}
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Table 1 Equations of turbulent motion in terms of the pressure—velocity correlation tensors of second order.

Equations of turbulent motion Consideration

References

AWi— Sij=2 [U% Wij— Lij— Qi,iSing]

— % (Dij— 3 Hy)

4y~ 5y = 2ol Wiy — L] 2 (01, - 411
AWi— Sij=2 [U% Wiy — Ly — Qi,iSine]

OW.. S, — 22— ..
5 Wij = Sij = 2055 Wi

- turbulent energy motion- fiber suspensions- rotating frame

- turbulent energy motion- fiber suspensions
- turbulent energy motion- rotating frame

- turbulent motion

This study

Ahmed and Sarker [2]
Ahmed [40]
Hinze [1]

3. Results and discussion

The particle dynamics in turbulent flows are a basic problem
associated with the applications, for example, spray combus-
tion engines, and atmospheric clouds. Suspensions of fiber in
a gas or fluid have for some time been known to diminish
the sharing stresses created as the fluid passes through a hard
surface under turbulent flow conditions. The turbulent energy
motion of the suspension of fibers (16) was obtained in a sys-
tem of rotation. The equation was found in second-order
velocity and pressure—velocity correlation tensors. All these
tensors were formed as the function of distance, time, and
space coordinates. Table 1 shows a comparison between the
present and the existing similar type models.

Turbulent flows are broadly studied in the rotating system
due to their extensive application in both engineering and geo-
physical fluid mechanics such as in blade passages of a gas tur-
bine, nuclear reactor cores, rotary heat exchangers, rotary
shafts, and combustion systems. In most of these engineering
complications, a non-rotating (stationary coordinate) system
is frequently used to analyze the problems. As mentioned ear-
lier, the Coriolis force acts a vital role in a rotating system. For
the non-rotating system, the Coriolis force does not generate in
the flow field, which meansQ,; = 0, and thus the resulting Eq.
(16) yields

Oy —sy=2lo-2 w1 ] -t (p,Lu (17)
e TR T S Vg gy, T ] Ty (P T3

The Eq. (17) represents the turbulent energy equation of
fiber suspensions in second-order tensors which was obtained
in the study of Ahmed and Sarker [2]. If fiber is not suspended
into the flow domain, the viscosity (apparent) of the suspend-
ing fluid vanishes, which means,y, = 0, and therefore the Eq.
(17) takes the form

) oa
Wiy =Sy =2v— W, — L
8[ o o Darka_’:k J J

(18)
Eq. (18) gives the energy motion of turbulent flow with cor-
relation tensors [57].
Without any influence of energy dissipation by turbu-
lence,L;; = Oso that Eq. (18) becomes
) o
=W =S =20——W; 19
ot T O T o, (19)
Eq. (19) expresses the turbulent motion in the form of
second-order correlation tensors that is similar to the study
of Hinze [1].

4. Conclusion

In a rotating frame, the turbulent energy equation of fiber
motion was derived in respect of velocity and pressure—velocity
correlation tensors, where all the tensors are of second-order
and the function of distance, space, and time coordinates.
The turbulent flow of fiber suspensions undergoes random
motion owing to the fluctuating components of fluid velocity,
and average motion because of the average fluid velocity. The
turbulent energy motion with fiber suspensions was obtained
in a rotating frame by the averaging procedure. All the
second-order tensors, Wij, Sij, Lijs Fij, Gij, Dij, Q; and
H;found in the resulting Eq. (16) are the correlation tensors,
where W;and S;; denote the velocity correlations, D;;and
H;jsignifies the velocity correlations for the suspending fluid,
L, ;designates the velocity correlations for turbulent energy at
two points B and C of the flow field whereas Q, expresses
the correlation between the fluid particle velocity and angular
velocity obtained because of the rotating frame. In our future
work, the resulting Eq. (16) will be solved both numerically
and analytically to assess the fiber suspension impact on turbu-
lent flow in a rotating system which would contribute to
science and industry, namely in papermaking, textile industry,
chemical, and environmental engineering, and producing com-
posite materials.
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