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An analytic calculation method for energy loss in a straight hydraulically smooth pipe of uniform cross-
section through which a viscous fluid flows in steady-state conditions has been suggested. This method enables
to determine hydraulic friction losses based on a unified approach, i.e. without binding it to the fluid flow
regime. Satisfactory convergence of calculated and known in literature values of friction resistance coefficients
has been shown.

Key words: fluid, viscosity, velocity, energy, loss, pressure.

Introduction
Energy losses initiated in straight hydraulically smooth pipes of uniform cross-section, usually, in
hydraulics are calculated by Darcy-Weisbach empirical formula [1].
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where <u> is average velocity of the flow, | is the length of the pipe, d is the diameter of the pipe, p
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is the fluid density, A is the hydraulic friction coefficient.
The value of dimensionless coefficient A in case of a circular pipe can be determined after
laying down a law on velocity distribution U through the cross-section of the pipe. In laminar flow of

fluid the value A is determined theoretically and in turbulent flow it is determined by empirical or
semi-empirical formulae.

For hydraulically smooth pipes current calculation formulae for A stipulate Reynolds number
dependence of this coefficient.

Due to formal assumption on existence of A=f(Re) relationship in Eg.(1), an erroneous
conclusion is drawn on proportionality between pressure loss and flow rate for various degrees
(Ap~(u), Ap~(u)1.75 etc.), under different regimes of fluid flow. Such an assumption contradicts
requirement of the general theory of dynamics on mechanical system’s kinetic energy change.

The present study suggests a new method for calculation of hydraulic friction losses in flow of
viscous fluid in a horizontal circular pipe under isothermic and steady-state conditions.

Singularity of the suggested method lies in that that made hydrodynamic calculations do not
have any connection with the stream flow regime.

Detailed description of the mechanism of the fluid flow in a pipe, as we think of it, is
presented in [2,3]. Here we present results, necessary for calculation of hydraulic losses in a pipe.

Scientists of many countries worked at issues of the movement of suspended particles in a
turbulent stream. The principle difficulty here lies in the fact that different models of turbulence are
not sufficiently perfect and up to now are subjects of theoretical and experimental study. As far back
as in the middle of the last century academician A.N. Kolmogorov carried out study of the issue, the

main ideas on locally isotropic turbulence of the stream being underlay in a so-cold K=& model of
turbulence [1]. Later his hypotheses were used for closure of equations describing the movement of
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temperature heterogeneous streams [2] and suspended particles in turbulent stream [3,4]. In his
fundamental works F.I.Frankl formulated equations of momentum and energy of turbulent pulsation
fluid and hard components of flow, taking into account interaction between hard particles and fluid
[5,6].Issues concerning the force of interaction between hard particles and fluid in their pulsating
movement were also considered by J.O.Hinze [7,8]. Mud streams are formed as a result of interaction
of a number of natural factors.

Initial section

The flow at the initial section is divided into central (potential) and peripheral (viscous) zones. In
the central zone the viscosity does not take into consideration, and the flow velocity is constant across
the pipe section and directed along its axis.

At the expense of the boundary layer on the wall of a pipe the diameter of the central zone
gradually decreases and the velocity increases.

Within potential flow according to Bernoulli equation

UZ-U? p -p
2 p
where U_ = <u>,p_ —is velocity and pressure at the pipe entry, U, p — velocity and pressure at

)

an arbitrary distance z along the pipe. For the given flow of the fluid the length of the initial section
1, = const, and the corresponding velocity at the end of that sectionis U, =U,.
If divide both sides of Eq. (2) on z, we get
uz-u? U? p -
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The value =a has a meaning of acceleration and U is determined from Eq.(3)

U =+2az @)

A peculiarity of the boundary layer, developed on the surface of the initial section of the pipe
under pressure flow of fluid, is in that that it is formed when the external flow is accelerated.

To carry out analytical study of fluid flow within boundary layer equations of continuity and
stream movement are used, which in plane orthogonal coordinates have the following form [2]

6_u+8_u =0 (5)
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including, if the conditions are assumed J, << R,—2 <<—
0z or
As long as the width of the boundary layer &, is small as compared to the pipe radius R the layer

can be considered as plane [3].
In Egs.(5) and (6) r —is the distance to the axis of the pipe, u,v are velocity components along

zand r, u= p-viscoefficient of dynamic viscosity.
Solution of Egs.(5) and (6) should be carried out under boundary conditions

u=v=0if r=0
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u=U,if r—>9, (7)
u=U_ =<u> if z=0
Through the use of the below dimensionless functions
1 (2a)* 1
=l ) ©
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v
input equation (6) can be written as
m 3 " r\2
f +Ef-f —(f'y+1=0, (10)
Boundary conditions (7) in new variables have the following view
=0, f'=01ifn=0
'=1ifn=n,
For small values x — 0 approximate analytical solution of Eq.(10), we have
f;)” ) 1 f;)”
= -4 —ee 11
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where £'=1.272 according to the numerical solution of Eg.(10).

Judging by the order of members values, in solution (11) the following approximation can be
assumed — if 77 < 0.3 confine to the first member (absolute error is A = Rn(0.3): 4.5-107) and if

0.3 <7 < 1.2 confine to lowest orders of 7 ( first two members A = RH(I.Z) =0.013).

The performed analysis enables reveal three regions in the boundary layer, where velocity change
along the radius occurs by various regularities [2]
First region: viscous sublayer, 0 <7 < 0.3

£, =1, -7 (12)
Second region: interlayer or buffer layer 0.3 <7 <1.2
£y, =0.675-n" (13)
Third region: 1.2 <7 <3
_%,,z
£ =1-0.922° , (14)
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The condition £ = % ~ 0.9997 is fulfilled approximately whenzn = 3.

The average velocity of flow <u> in cross-section at /, distance from the pipe entry is determined

by the below equation

Zn[j.urdwjz'urdr{furdr}
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After performing corresponding calculations, we get

(1) =0.64U,

If the length /, of the initial section express through the diameter of the pipe and average velocity,
according to Eq.(8) we have

1/, =0.017d Re (15)
For the given fluid flow acceleration of potential flow according to Eq.(2) is determined by
u2 —(u)? u
a=— (u) =1.44< ) (16)
lo lo

It is expedient to derive a reasonable formula of resistance on the basis of the general theorem of
dynamics of kinetic energy change of a system, on the basis of the following simple considerations.

At the time of fluid flow through the pipe the profile of velocities undergo a continuous change,
redistribution of the mechanical energy of the flow occurs.

Real kinetic energy of some m mass of the fluid passing during dftime through water cross-
section under study, greater than the average kinetic energy (calculated on the basis of the average
velocity < u >)

The profile of velocity U in the cross-section of the boundary layer is characterized by irregular

distribution: its value continuously is changed from zero to U, =/2al + (< u >)2 .

Let us single out a section at the entry of the pipe of / length and consider two versions of fluid
flow in that. The fluid of mass m flowing at U, velocity, reaching at the end of the section /, could

U 2 2
¢, and when flow at velocity <u >-T, = m(<uT>).

receive kinetic energy T, = ——
The quantity of kinetic energy loss AT =17, —T,, conditioned by the friction force, can be
determined using the theory of dynamics on kinetic energy change

2 2 /\? 2

from which pressure fall at / distance can be found
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To a first approximation 7 = 7 can be accepted, where 7 - is the average shearing stress on the

wall of the pipe, where the velocity gradient achieves the maximum value.
Taking into account the below equation

or on or 0% '
the local shear stress on the surface of a hard wall is determined
n(2)=p -1 f(@J% .24
or|,_ J2 ° 02
and the average value of shear stresses is defined by the below equation

%
T 4 f"-,u-(zaj 'U-l%'
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Substituting 7, in Eq.(17), we get
% % U2_ u 2 %
Ap, = 2.88,01)2[2—?) -I—+p e—<> = 2.88p-2a||— :
(%)
v

or
pUz_ 1 _u%-|%+pU2

Ap, =5.76
Py U b d 2

(18)

With the help of formulas (4) and (16) Eq.(18) after simple transformations can be presented in the

following view
% JA 2 2
et (A ] W el)
Ap, = 7.6Re%(|0] (dj +l.44IO ol > =4 5 (19)

where ¢ is a coefficient of resistance.

At the end of the initial section / = /, pressure fall will be

(u)’
Ap, =2.42p——
2
Hydraulic losses at the initial section according to G.Shlichting is determined by
(u)’
Ap, = 1.167

Stabilized flow: /7 >/,

It is assumed that velocity profile formed at the end of the initial section, in further flow of fluid
remains unchanged.
Under these conditions velocity distribution function is presented as
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The local shear stress is determined by the below equation
@)= =L tru Zaj% L
0 ﬂar o \/E 2 Z%

The average value of shearing stresses is determined by the below formula
I Ry (2aj% 1
" 3\/_ v? |%
Pressure loss in the / long section of under consideration will be
16 () (22 Y
Ap, = fo U u
32 ° d

Making some simple transformations of the above equatlon, we have

% 2
Ap, =455. 13 [I_J 'p<u>

u q
o 3\
\
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Figure 1. Comparison of friction resistance coefficients for %I, =100

. 455 (14 64 |
1- theoretical curve plotted by Eq.(20) { =| —- q +2.42 |, 2- plotted by ¢ :R—~ [1],

3- plotted by g—% 3 [1], 4- plotted by & = [0.0032+%)-% [4].

Pressure general loss in the pipe is summed up from losses at the initial section where velocity
profile is stabilized and in the section of stabilized flow

Ap=Ap, +A ! (lj%+242Lu>2 (20)
P=Ap, +Ap, = Re/ q - 5

Comparison of calculated values of the friction resistance coefficient with experimental data
available in the literature (see the Figure)
Discrepancy between the two Averaged 8 per cent.
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Conclusion
A new method is suggested for calculation of hydraulic friction loss along a pipe of constant
cross-section without binding it to the fluid flow regime.
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Principal legend

[ — length of the pipe, m, /,— length of the initial section, m, r — radius, m, d - diameter of
the pipe, m, p — pressure, Pa, f(?]) — dimensionless function of the stream, u, v — longitudinal and
transverse components of velocity within viscous flow, m/s, <u> — average velocity of flow, m/s, U -
velocity of fluid particles on the pipe’s axis achieved at the end of the initial section, m/s, U, -
velocity at the boundary layer edge, m/s, R—radius of the pipe, m, w — function of the flow, m?/s, 0,—

thickness of the film, m, 7, — dimensionless thickness of the film, p — fluid density, kg/m?, ¢ -
coefficient of friction resistance, u — coefficient of dynamic viscosity, Pa s, v — kinematic viscosity
(u)d

of fluid, m?/s, 7, — local shear stress, Pa, 7 - average value of shearing stresses, Pa, Re = ———
1%

Reynolds criterion.
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L.U. Uwpquywi?, U.U. Uwpnijuwiywi?
Ydwbhwénph whpwlwt hwdwuwpwb
2Bwpipwpwwbipnipiut U phtiwupwpnipyuwt <wjwuypwbh wqquht hwdwuwpwt

Unwowpyynwd E hnphgnuwlwu, hhnpwyhyYnpttu nnnpy, hwunwnnis npwdwgdh funnnulyubpnid
dwénighy hbnniyh unwghnuwp owpddwu  wwydwuubipnwd  Eubipghwih Ynpuwnh  hwoqupwiht pwuwél:
Eubpghwih  Ynpunh  hwoqupyp  wnwowpyynn dbpnnwpwunygjwu  hhdpnd  npdwd £ punhwunip
wpwdwpwuneniu, npu punnutih £ nhdwnpnigywtu pninp gninhtubph hwdwp b Ywiujwsd sk ownpddwu
ntidhdhg: Ywuwwnyb) tu hwdbdwwnwlwu Ybpndnigyniutbp wnwowpyynn pwuwdlbh b gpulwunyjwu dbe
hwjinuh pwuwalbiph wpryniupubiph dholi:

Pwuwih pwnbp. htnnty, dJwdnighynipinit, wpwgnipiniu, fubipghw, Ynpnuwn, Gugnid:

K PACUETY I'HIPABJIMYECKHUX ITOTEPH HA TPEHHUE

H.M. Capresinl, A.A. Capyxansin®
'Banaodsopckuii 2ocyoapcmeennslii ynueepcumen
2Hayuonansuwiil yHusepcumem apXumexmypul u cmpoumenscmea Apmenuu

[Ipennaraercst aHaIMTHYECKUH METOA pacueTa IOTEePH SHEPTUH B MPSIMOM, THIPAaBINIECKH TJIAJIKOH TpyOe
MIOCTOSIHHOTO CEUCHMS IIPU TEUCHMH BSI3KOW >KHIKOCTH B CTAI[MOHAPHBIX ycioBHsAX. [Ipeanmaraemas meronuka
MIO3BOJISIET ONPENEINTh THAPABINYECKHE MTOTEPU HA TPEHUE U3 €IMHON IO3UINH, T.e. 03 MPUBSI3KU K PEXUMY
TeueHHs1 XHUAKOCTH. [lokazaHa yIOBIETBOpUTEIbHAs CXOJMMOCTh PAaCUETHBIX W H3BECTHBIX B JIMTEparype
3HauYCHHUH KOA(PUIIMEHTOB CONPOTHUBIICHHUH HA TPEHHE.

Karouesrble cjioBa: KUIAKOCTB, BA3KOCTh, CKOPOCTH, DHEPTUs, IOTEPH, JTaBJICHUC.
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