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Abstract

Theoretical and experimental studies, of drag reducing dilute polymer solution flow
through a sudden enlargement, are carried out, A turbulence model, which has been
early used for predicting Newtonian flows with adverse pressure gradient (APG), is
developed in the present analysis. The developed model well predicts the fully
developed drag reduction flow in pipes, i.e. flow under favorite pressure gradient
(FPG) conditions besides the sudden enlargement (APG) flow. Predictions, of the
mean flow properties and turbulence characteristics of drag reduction turbulent flows
in a sudden enlargement -i.e. under (APG)- are obtained and discussed. An
experimental setup is established for studying the pressure characteristics of the flow
through a (2:1) diameter ratio sudden enlargement test section. The working fluids are
dilute solutions of Polyethylene Glycol (PEG) polymer in tap water. Comparison
between theoretical and experimental pressure distribution results shows a reasonable
agreement. It is concluded that the developed turbulence model can be used to predict
drag reducing polymer flows under both (FPG) and (APG) conditions.

1. Introduction

Sudden enlargement flows find wide applications in hydraulic circuits while drag
reducing fluids have been considered extensively in recent researches. The flow
through a sudden enlargement is an adverse pressure gradient (APG) one. Review of
previous related work on both Newtonian and drag reducing fluid turbulent flows
under favorite pressure gradient (FPG) or (APG) may help in understanding the
problem.

Turbulent Newtonian flows under (FPG) have been widely studied and predictions of
such flows using turbulence models are extensive [1,2,3,4]. The k- ¢ model has been
t%.. most familiar one used for simulating such flows. A wide discussion of this model
has been presented in many sources as, for example, the work due to Jones and
Launder [2].
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turbulent Newtoman tlow through a sudden enlargement had been simply analyzed

and presented in many texts [5,6] where expressions for both pressure recovery and

loss coefficient could be obtained using experimental closures. Predictions of the

mean flow properties for turbulent separated flows, using integral methods, have been

carried out by some authors [7]. Predictions of Newtonian (APG) flows using
turbulence models seem to be little. For example, Khalifa et al. [8] used the
conventional ' k-g ' model to predict turbulent Newtonian flows in highly curved

ducts and their predictions indicated an (APG) at the inner wall. Recently Hattori and

Nagano [9] introduced a 'k-¢' model which takes into account the effect of pressure
gradient and successfully simulates both (FPG) and (APG) flows. Their predictions
were compared with experimental and direct simulation data and a good agreement

over a wide range of pressure gradient was indicated.

Turkulent drag reducing fluid flows, under (FPG), have been studied by many
authors. Wide studies [10, 11] have been concerned with drag reducing polymer
solution flows through a straight pipe. Virk [ 11 ]had defined the phenomenon of
drag reduction and discussed widely both the mean and turbulent characteristics of
such flows. Also, he gave empirical expressions for the eddy viscosity profiles during
drag reduction. Predictions of turbulent drag reduction flows under (FPG), by
developing turbulence models, have been carried out by many authors
[12,13,14,15,16]. These models are based on the Newtonian flow models. For
example, Rogeri [14], suggested inclusion of the double and triple turbulence
correlation in the Newtonian one dimensional shear flow equations. Then, he
introduced the viscoelastic effects —i.e. polymeric parameters- into the governing

equations and predictions of the onset conditions in addition to the percentage drag

reduction could be achieved. Durst and Rastogi [15], introduced a damping factor to

an earlier Newtonian turbulence model. The parameters of this factor are dependent

on polymer, solvent and the fully developed mean velocity profiles. Predictions of
the mean flow and turbulence properties were reasonably confirmed experimentally.

Recently, Idir and Siamack [16] used a one-layer turbulent eddy viscosity model for

predicting drag reduction flow through annular pipe. The model is based on the

mixing length approach wherein a damping factor is used in order to account for the

near wall effects. Drag reduction effects are, then, simulated with a variable damping

parameter in the eddy- viscosity expression. A procedure for determining the value of
that parameter from the fully developed pipe flow friction data was discussed.

Comparison between predicted and measured mean flow and turbulence quantities -
indicated a reasonable agreement.

Turbulent drag reducing fluid flows under (APG) have received little attention.. The

available studies for such flows have been restricted to experimental ones. For

example, Kato and Shibanuma[17], studied experimentally the flow of dilute polymer -
solutions through diverging and converging cross sections. They showed that in a
converging flow, no remarkable drag reduction was observed. On the other hand, in a
diverging Row through a - five degree angle- diffuser they observed a pressure
recovery which was about 30% larger than Newtonian flow at a certain polymer
concentration. Tachibana and Kita [18] studied experimentally drag reducing polymer
turbulent flow through (1.76:1) and (2.6:1) diameter ratio sudden enlargement
sections. They showed that the polymer affects considerably the loss coefficient, the
pressure recovery and drag reduction appearance in both the upstream and

downstream parts of the sudden enlargement. ) .
The above review shows that predictions of turbulent drag reduction flows under

(APG) still need more investigation. Therefore, the objective of the present work is to
develop a' k-g ' model for such flows and to predict drag reducing fluid turbulent flow

in a sudden enlargement using this model.
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2. Analysis

The procedures followed earlier for developing turbulence models of turbulent drag
reduction flows under (FPG) are adapted in the present work. Thus, the model ,
suggested early by Hattori and Nagano [9], for turbulent Newtonian flows under
(APG) , is developed to simulate drag reduction flows under (APG) . This is carried
out by introducing a damping factor ( Df) which simulates the drag reduction effects.
2.1 The governing equations and boundary conditions

The governing conservation equations; for steady two dimensional turbulent flow of
an incompressible fluid through a pipe; involve the continuity, momentum in addition
to the turbulence ' k-¢ ' model- namely the turbulent kinetic energy 'k’ and its
dissipation rate' € ' - equations[19]. These equations are rearranged and a set of
differential equations, for the fluxes of the different flow properties, can be written in
a general form [20]. The dimensionless general form of these equations, in the
cylindrical (x, r) coordinate system, is written as:

Aurg - Tyr —a~¢] olvrg—T,r —82]
O, a g, (1)
Ox or

., where x = x'/D'and r = /D' are the dimensionless coordinates while D' is the pipe
diameter. The parameter ¢ can stand for any dimensionless transport property such as

the axial velocity component (u = u/U' ), the radial component (v = v'/U") ,the
turbulent kinetic energy (k =k’ U'? ) orits dissipation rate (¢ = ¢ o DYU"), where U'
is the average flow velocity in the pipe. The parameter (I = I,'/ pUD'") stands for
the 'corresponding dimensionless diffusion coefficient while $ ¢ Stands for the

corresponding dimensionless source term . Table (1) includes those parameters for the
different conservation equations.

TABLE (1): Diffusion Coefficients and Source Terms.
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- Cttva Oy oV, G (2)
= w2 + G+ + G+ 2D

, 4, isthe dimensionless effective viscosity, given by:

:l‘te = :‘Jl + ﬂl
, K, is the dimensionless molecular viscosity while u, is eddy viscosity given by:

u,=C,f, ke (4)

The model constants and functions are shown in Table ( 2 ) below.

TABLE (2): Model Constants and Functions

C, |G C,loi|o. | ], B, B,

091145 11911413 | [1-exp(—y' /4] 20 120
*{1+ (B, /R Yexp[~(R, / B,)" 1}

A1 I

Df l(1+11.8P%) 1-3exp(-R*)

where R, is the turbulence Reynolds number, R, =k’ /ve .

The parameter A*, which organizes from Van Driest constant, is a function of the
pressure gradient term P * as shown in the table. For Newtonian flows , the numerator
of this function was assigned a constant value of 30 [9] on the basis of direct
numerical simulation(DNS) data of the near wall regions of such flows. In the present
model the numerator 'Df ' is allowed to vary in order to simulate the drag reduction
effects. It is seen from table (2) that the function J,»and consequently the eddy
viscosity u,[eq.(4)] , decrease as 'Df 'increases. Thus, the factor 'Df'is used as a
damping factor in the present prediction scheme. Also, as drag reduction is essentially
a neat wall phenomenon [11,13], these expressions are used for y”* < 150. Inthe
turbulent core region, i.e. y*>150, the parameter S, is set to unity. The pressure

gradient term P " is evaluated at the pipe centerline in the prediction scheme.

The governing equations (1) are solved numerically by means of Patankar's {20] finite
volume technique. Figure (1) shows the geometry and calculation domain. A 20x20
non-uniform grid point network is used. In x-direction the step length (dx) is given
by: (dx),,,=1.2*(dx),. In the r- direction, the 1* five steps are decreasing as the wall

is approached having the values: dr= 0.002,0.004,0.008,0.016 and 0.032. The
remaining, core steps are uniform and have the value of 0.0324. This allowed
avoiding the near wall approximations since the wall law constants for drag reducing
flows differ from the Newtonian flow ones. A staggered grid is adapted such that the
scalar variables (p, k, €) are stored at nodal points while the velocities (u, v) are stored
at points midway between the nodal points in x and r directions respectively. The
goveming differential eqs.(1) are integrated over the appropriate control cell(dx..dr)
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using a power law scheme for the property distribution between the appropriate grid
points. The resulting, finite difference, equations are solved by iteration using the )
'SIMPLE' algorithm [20]. Iteration is carried out, line-by-line in x direction, and the
dimensionless mass flow rates and residuals of the different variables are calculated
all over the domain lines. Iteration is stopped when the largest of them becomes less
than a convergence criterion of 107- 10™*. A maximum deviation of + 2% of the
predicted properties is noticed for the above range of convergence criterion. Also,
suitable relaxation factors are used in order to control convergence and execution
time. Low relaxation factors- as low as '2'- are used in case of high Reynolds
numbers and/or large diameter ratio of sudden enlargement. The domain lengths are
X=25 and R=0.5 in x and r directions respectively. Predictions are obtained for axial
lengths which are multiple of 25 where the initial conditions for a current domain are
set equal to the output of the preceding domain. This allowed obtaining a fully
developed pipe flow predictions in both of the upstream and down stream pipes of the
sudden enlargement.
The boundary conditions are specifi ed as follows:
i) u=v=k=g=0 at the walls while at symmetry axis :0/0x=0.
1i) at entrance to the first domain of the upstream pipe a uniform profiles are
assumed thus: u=1, v=k=¢= 0.0
ii)  at the side wall of the sudden enlargement a wall function treatment is adopted
to reduce the required grid points in the axial direction. Thus, the near wall

radial velocity v , ,at the nearest grid point , is assumed to be given by :

1%
2 =25Inx".+5.5 (5)
"

w

where u, and x," are the dimensionless side wall shear velocity
and grid point distance respectively, given by:

u_ =4t and x,)' = - (6)

wr wr

In plpe flow predictions, the predicted dimensionless parameters are normalized using
the pxpe diameter and average velocity (D' and U') as discussed above. On the other
hand, in sudden enlargement predictions, the downstream dimensionless parameters

are norma.':lized using the upstream (D, and U, ) parameters for the aim of comparison.

Before predicting drag reduction flows, the model is tested to provide confidence in
its performance in some previously well known flows. For example, Figs.(2 ) and

(3) show predictions of the fully developed velocity profiles and the friction factor
relat"onships at a damping factor Df=20 compared to the weli-known early Newtonian
correlation [11].

2.2. Predictions of fully developed drag reduction flows in pipes

Drag reduction flows are simulated by varying the damping factor 'Df ' in the
turbulence model. This is clearly depicted from the conventional 'u+-y+ or ' f-Re’
predicted plots shown in Fig" (2) and (3) respectively. The well- known Newtonian
correlation and Virk's maximum drag, s reduction (mdr) asymptote [11] are represented
in the figures for comparison. It is seen that the model simulates well the drag
reduction effects and that the two extréme cases of Newtonian and maximum drag
reduction (mdr) flows are predicted at Df=20 and 70 respectively. The polymeric flow
regimes [11] are predicted at20<Df<70. It is seen, from Fig.(2), that an elastic sub-
layer defined earlier by Virk; i.e. alayerhaving a velocity profile described by the
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(mdr) asymptote; exists. The thickness of that layer is polymer- solvent system
dependent and the (mdr) flow conditions are attained as that layer fills the whole pipe
cross section. Durst and Rastogi[12 ], proposed a sophisticated and approximate
procedure in order to determine the damping factor- in their model- from the 'u+-y+ '
data of the polymer solution. However, a simple procedure is proposed in the present
work for determining the damping factor' Df' from the polymer solution 'f-Re’ data.
Thus, for a certain polymer solution the fully developed flow friction data are
allocated on Fig.(3) and then the corresponding damping factor 'Df" is determined.

It is worthy to note that roughness affect drag reduction [21] by reducing the elastic
sub-layer thickness and hence increasing the friction factor under the same flow rates
or Reynolds numbers. This means, simply, that flows through rough pipes are
predicted at less 'Df' values. Thus the above suggested procedure of prediction can
be applied on rough pipes also. Accordingly, Newtonian flows through rough pipes
are predicted at Df< 20 while the (mdr) flows are predicted at Df<70.

2.3 Predictions of drag reduction flow in a sudden enlargement

Predictions of sudden enlargement flow are obtained using different 'Df ' values at the
upstream pipe and the results of the mean flow and turbulence characteristics at the
downstream pipe are shown in Figs.(4) through (10). In addition to the mean flow
velocity and pressure distributions, the following parameters are evaluated.

i) the pressure recovery coefficient Cp, defined as:
Cp:P w, nmax (7)
i) the rate of pressure recovery G, defined as[20]:

G=Pw, . -Pw)Pw,_ . (8)
iii)  the pressure recovery distance Xp at which the pressure attains its maximum

value Cp.
iv)  the sudden enlargement loss coefficient & | defined from:

E=2AP, . {9
where AP, is the loss in the theoretical pressure recovery , calculated as:

AP, = 1-AR*- Cp (10)

Results and discussion ‘

Samples of the results are shown in Figs.(4) through (10 ). The same trends prevail for
other parameters affecting the flow such as the diameter ratio and the flow Reynolds
number. Therefore, the discussion will emphasize the drag reduction effects.

Pressure distribution

Samples of the wall static pressure distributions for a (1.75:1) diameter ratio sudden
enlargement are shown in Fig.(4 ). These distributions are for the two extreme values
of the damping factor 'Df", namely Df=20 (Newtonian) and Df=70 (mdr), at two
different Reynolds numbers. Figure(4.a) shows that, for downstream distances x<5
and at low Reynolds number, the rate of pressure recovery under (mdr) conditions is
lower than that under Newtonian flow conditions. This is attributed to the lower radial
momentum transfer in the wall region under (mdr) flow conditions. On the other
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hand, Fig.(4) shows that for downstream distances x>5 the distributions have the

same trends while the pressure at any section under (mdr) conditions is higher than
that under the Newtonian ones. It is also seen that drag reduction effects decrease as
Reynolds number increases. This means that at high Reynolds numbers the loss in
pressure is mainly determined by secondary flow rather than by wall friction effects.
The results of pressure distribution parameters such as the maximum pressure
recovery 'Cp', the loss coefficient ' &' and the pressure recovery length "Xp' are
shown in Figs.(5) through (8).The figures show that as drag reduction, i.e. Df,
increases both of ' Cp' and' Xp' increase while ‘&' decreases.

Figures(5) and(6) can be used for design purposes where plots of 'Cp' for different

'Df ", 'Re’ and diameter ratio'D2/D1" values are presented. It is observed that drag
reduction flows are more affected by 'Re' than Newtonian ones. Also, for both
Newtonian and drag reduction flows, 'Cp' is 2 maximum at 'D2/D1' =1.40.

Mean velocity profiles

Samples of the upstream and downstream velocity profiles are shown in Fig.(9) . It is
seen that appearance of drag reduction in the downstream pipe depends on the degree
of drag reduction in the upstream one. Generally, the elastic sub layer thickness -i.e.
the extent of drag reduction-in the downstream pipe is less than that in the upstream
one. The limits of such behavior are determined by the onset conditions of drag
recuction [11]. It is known that there is an onset wall shear stress, hence an onset
Reynolds number 'Re *' below which drag reduction doesn't occur. Thus, if

' Re,' <'Re "' drag reduction is expected to disappear in the downstream pipe of the
sudden-enlargement especially at low upstream drag reduction , i.e. low 'Df |,
conitions. This behavior was recorded by the experimental observations due to
~ Tachibana and Kita [18].

Turbulence characteristics

Figure (10) shows samples of the sudden enlargernent effects on the turbulent kinetic
energy (k) and its dissipation rate (¢ ) profiles under different values of damping
factors 'Df' and Reynolds numbers. The upstream profiles are those predicted at the
sudden enlargement entrance section while the downstream profiles are those at 50
diameters downstream from the entrance. It is seen that the sudden enlargement
affects both (k) and () in the same manner, for both Newtonian and drag reduction
flows, where they decrease in the downstream direction. On the other hand, at the
same distance from the wall, the value of either of 'k'or'e' under drag reduction
conditions is less than that under Newtonian flow conditions and the difference-i.e.
drag reduction effect- is higher near the wall .

3- Experimental Work

An experimental setup is designed to confirm the pressure distribution predictions.

Asn additive technique, which helps in avoiding pump degradation effects on the test
fluid, is adapted. I[n this technique, a master concentrated solution is mixed with the
main pump flow. The mixture drag reduction effectiveness [22,23] is dependent on
the master fluid polymer type, mixture concentration, pipe roughness and the additive
technique. However, irrespective of polymer type and concentration, the fully
developed flow friction factor data for the mixture- hence the damping factor 'Df - is
that required for theoretical predictions. Therefore, the main objective of the
experimental setup is to measure the pressure distribution up-and-downstream a
sudden enlargement in addition to the corresponding flow rate of the flowing mixture.
In addition, primary tests of the pump degradation effects on polymer solutions
indicated that drag reduction disappears as the concentrated solution flow is stopped.
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Accordingly, the closed hydraulic circuit, shown n rFig.(ll ), 1S usea in te
experiments. It comprises a main tank (1), a circulating pump(2), concentrated
polymer solution air pressurized tank(3) and the test section(4). Flow rates are
measured using a collecting tank (5) and controlled using a control
valve(8).Concentrated solution flow rates are measured using a level scale on the
pressurized air tank(3). Wall static pressures are measured using an inclined, inverted
, differential multi-tube manometer (6). The pressure of the concentrated solution tank
is controlled using the pressure regulator (7) while the flow rate is controlled using a
control valve (8) and is kept constant by observing the mercury manometer reading
(9). The test section is a commercial steel sudden enlargement of diameter ratio (2:1)

having its upstream pipe of '2.5' cm diameter and ' 150' cm length while the
downstream one is ' 5'cm diameter and '60' cm length. Twelve static pressure tapes

are distributed along the test section wall. The first five taps are distributed along the
upstream pipe while the remaining seven taps are distributed along the downstream
one. They have distances from the sudden enlargement section as shown in Table (3)
below.

TABLE (3): Static Pressure Tap Distribution
Tap No 1 2 3 4 [5]6 7 8 9 10 |11 12
Distance | 66.5 |41.5 |15 |9 (425559515 [25 |29.5 395

(cm)

Tap water is used as the Newtonian fluid while dilute solutions of Polyethylene glycol
(PEG) - of molecular weight Mw=4* 10° - in tap water are used as the drag reducing
fluids. Concentrated solutions are prepared and held for 24 hr before use in the
pressurized tank. Fluid temperatures varied within + 4 C°in all tests. The density and
viscosity of the solutions are taken as those for pure water [11].

Uncertainty Estimates

Pressure distributions and flow rates are measured and the different dimensionless
parameters such as the wall pressure 'Pw’, Reynolds number Re' and the friction
factor 'f’are evaluated. An uncertainty analysis [24] resulted in the estimates shown

in Table (4) below.

TABLE (4): Uncertainty Estimates

Parameter Range Maximum %

Uncertainty
discharge (m’/s) 3.6-6.9%10* +5
pressure drop(cm water) 1.4-7.6 + 7
dimensionless pressure drop ‘Pw' | 0.02-0.26 + 20
Reynolds number 'Re' 22465-42430 + 5
friction factor 'f .0016-.0089 + 17

Procedure

Under steady state conditions, for certain openings of concentrated solution and main
flow control valves, the manometer readings and flow rates are recorded
simultaneously. Mixture concentration is calculated based on the measured flow rates
of both of the concentrated solution and the dilute mixture. The corresponding
upstream Reynolds number and friction factor, based on the readings of the upstream
pressure taps (1) and (2) [see table(3)], are calculated and allocated on Fig.(3). After
allocating the experimental points, having the symbol (+) on the figure- the
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corresponding damping factors 'Df ' required for the theoretical predictions are
determined. Samples of the tested mixtures concentrations, the measured flow
Reynolds numbers Re, friction factor 'f' and the corresponding 'Df values are shown

in Table(5) below.

TABLE (5) Test Fluid Data

concentration 0 1 5 18 34 42
(p.p.m.)

Re 36960 | 22570 | 23870 38190 27280 42430
x10° 6.65 8.1 5.45 4.41 3.75 3.74
Df 20 20 22 25 30 32

4.Comparison Between Theoretical and Experimental Results

The present experimental pressure distribution results, of the (2:1) diameter ratio
sudden enlargement are compared with theoretical predictions which are obtained for
the above Re ' and ' Df values. The comparison is shown in Figs (12) and(13). It is
seen that there is a reasonable agreement between predicted and experimental results
despite the uncertainty of the experimental data and the assumptions adapted in the
theoretical analysis.

Early experimental pressure recovery coefficient 'G ' distributions for (1.76:1) and
(2.6:1) diameter ratio sudden enlargement sections were presented by Tchibana and
Kita [18]. They used two types of polymers but no details about the friction factor
data were given. However, it has been established that the(mdr) condition is attained
by all polymer solutions at a certain ultimate -polymer dependent- concentration [11].
Accordingly, their results under maximum concentrations of the used polymers are
compared with the present predictions at Df=70 which corresponds to (mdr)
condition. Fig.(14.a) shows the comparison for their 50 p.p.m. PEO solution while
Fig.(14.c) shows the comparison for their 30 p.p.m. PAA’' solution. Their results for
Newtonian -i.e. water- flows are also compared with the present predictions at Df=20
and shown in Figs.(14.b) and (14.d) at two different Reynolds numbers. The figures
indicate an acceptable agreement between the present theoretical predictions and their
experimental results. Also, it is worthy to mention that the present predicted
qualitative behaviors of the loss coefficient and the pressure recovery length, which
are discussed in section 2.2 above, were early observed experimentally by Tachibana
and Kita [18]. Thus, in addition to the decrease of the loss coefficient with drag
reduction, they recorded that the pressure recovery distances ranged between 10> Xp
> 3 for an upstream Reynolds number range Re=5000-12000 and different
concentrations of drag reducing polymers.

5.CONCLUSIONS

Based on the above discussion, the following conclusions are drawn:

5.1) A 'k- ¢ model for drag reducing fluids turbulent flow, under both favorite and
adverse pressure gradients, has been developed . The model includes a damping
factor which is determined from the fully developed pipe flow friction factor
data.

5.2) Application of the model on flow through a sudden enlargement shows the
following:

1) Drag reducing additives affect both the mean, and turbulence, flow
characteristics which have the same trends as those of Newtonian fluids.
1) As drag reduction increases in the upstream pipe the maximum pressure
recovery and its length increase while the loss coefficient ,turbulent kinetic
energy and its dissipation rate decrease compared to the Newtonian values.
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11) T'he down stream CONAITIONSs O arag TCUUCHIVN dlis UTLTI HILITU Uy LY Bpauvis
ones and the onset criterion for a specific solution . In general, drag reduction
decreases in the downstream pipe.

IV) For design purposes, plots of the predicted maximum pressure recovery are
given. These plots indicate that a diameter ratio of (1.4:1) is an optimum
design value for both Newtonian and drag reduction flows.
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NOMENCLATURE

A’ dimensionless function in the turbulence model ;

AR area ratio of sudden enlargement ;

B, ,B, constants in the turbulence model ;

C,.C,,C, constants in the turbulence model ;

D’ pipe diameter (m) ;

Cp dimensionless maximum pressure recovery ;

Df damping factor in the turbulence modet ;

f friction factor =7, /(SpU' ),

Jes Lo functions in the turbulence model ;

G rate of pressure recovery ;

k' k turbulent kinetic energy ( m® /s*), dimensionless =k'/ U'? ;

p,p pressure (pa), dimensionless =(p'-p', )/ pU" ;

P, production of turbulent kinetic energy ;

P’ pressure gradient function =v'(dp'/adx')/ pu'’* |

rr radial coordinate(m), dimensionless =r'/ D' ;

R',R pipe radius (m), dimensionless=R'/D";

Re, R, Reynolds number =D'/'/v', turbulence Reynolds
number =k /ve

S, dimensionless source term ;

u',u axial velocity component(m/s), dimensionless =u/ U' ;

U, wall shear velocity = /7, / p (m/s),
dimensionless =u',/ U' ;

U average velocity (m/s) |

u+ dimensionless velocity =u'/u', ;

v, v radial velocity component (m/s), dimensionless =v/ U';

x, x,X axial coordinate (m), dimensionless = x'/D', dimensionless
axial domain length ;

Xp dimensionless pressure recovery length ;

y, y+ distance from wall (m), dimensionless =y' u’./v"' |

GREEK SYMBOLS

T, property diffusion coefficient

el e turbulent kinetic energy dissipation rate(m’ /Kg.s),

dimensionless=¢' p DYU' ;
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KM dynamic viscosity {Pa.s),dimensioniess=1/Ke ;

M, My dimensionless effective viscosity, turbulent viscosity ;
v, v kinematic viscosity (m?/s), dimensionless=1/Re ;

& sudden enlargement loss coefficient ;

o density (Kg/ m*) ;

04,0, constants in the turbulence model! ;

7, , Ty wall shear stress (Pa), dimensionless = 7'/ (p U'?),
¢ transport property variable .

Sudscripts

1 evaluated at the end of the upstream pipe ;

2 evaluated for the downstream pipe ;

max maximum value of a parameter |

P evaluated near the wall ;

W evaluated at the wall ;

wr evaluated at the wall in radial direction .

Superscripts

! dimensional quantity

Abbreviations

APG adverse pressure gradient ;
FPG favorite pressure gradient ;
mdr maximum drag reduction .
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