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ZBIGNIEW ZARZYCKI1

Fbiction Factor in a Pulsating Turbulent Pipe Flow2

IVIathernatical models of an rmsteady turbu_lent liquid pipe flow, with a quasi-steady distribution of
an eddy viscosity in a pipe cross-section taken into ."iorr.it,-*""" described, these m,odil" are based on
iour-region distributions of the eddy viscosity coefficient. They were adapted for determination of the
nstantaneou,s lriction factor. For the three-region model - in case of low frequencies - dynamic velocity
*arrges as a frrnction of frequency. It was shown that the instantaneous friction factor value considerably
iiffers from the quasi-steady one.

1. Introduction

The substantial influence on dynamic processes taking place during unsteady
flow of liquid exelt, among other things, such phenomena as [1]: dissipation of
mechanical energy, interaction between pipe wa1l motion and liquid motion, or po-
ssible disruption of a fluid flux as the result of cavitation. This papeT is connected
with the first phenomenon and refers to the modelling of hydraulic losses during
puisating turbulent flow of a 1iquid. Such kind of flow, caused most often by an
operation of pumps and compTessors, is genelally met in practice, e. g. in liquid
pipelines, in industrial hydrauiic systems, in chernical equipment installations, as
we1l as in some lrydraulic drive systems.

When computing dynamic proces§es taking place during pulsating turbulent
flow of a liquid in pipes, it is'very often assumed that hvdraulic lesistance is
;teady [2, 3, 18, 19], or quasi-steady 12,4,5], i. e. it has the same form as during
steady motion, but for an instantaneous, lnean cross*sectional velocity of a liquid.
However, such assumption is collect at vely low frequencies of liquid vibration
:3,9].

Publications taking into account a change of the hydraulic resistance as the
function of frequency are not numerous [6-11]. Considerations contained in them
base on Re;rnolds equation with an application of Boussinesq hypothesis and
evidences of eddy viscosity coefficient distribution in a pipe cross-section. This
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1B0 Zbigniew Zarzycki

way of a, turbuient flow modelling makes a base for the two-region Popov mi.:
[10], the three-region Brown model [3], the four-region models of Ohmi [8] ,-:

Glikman [11]. However, these models contain cliscontinuities in the eddy visco.
profile. A common feature of the above mentioned models is the assumption .:

stationary eddy viscosity distribution in a pipe cross-section. As references |ii
sholv, this a,ssumptiori is right for lrigher frequencies lange, where inertial efi"ł
domiłate over viscosity efi-ects,

Irr this article methem,atical model of pulsating, turbulent liquid flow ir :

pes. based on a 1brrr-region model eddy viscosity coeffrcient distribution in a :
cross-section has been described" As opposed to the mentioned publications [6-,
corrtirruo:_ls and quasi-steady distribution of the eddy viscosity coefrcient in a ;
cross-section was assumed, Tliis model was ada,pied to caiculate an instantł__
ous friction loss factor. T}ie instantaneous friction factor for iow frequencies ,

determined through the application of the three-region model in which a d-. _

mic velocity changes as tlre function of freqrrency. Calcutations for this case ; ,

carried orrt by means of an iterative methoci. Some results of numerical ca_
lations for the both models were compared with some results of experime:,
investigatiorrs taken from the literature, and good compatibility was obtaine.,

Z. Mathernaticai Model of an Unsteady Tu,rbulent Flow of a Liqu
for a Circrrlar Cross-Section Pipe

Anal;itical calculation of the instantarreous friction factor requires an ada: -

tion of an appropliate rnathematical model for a liquid pipe flow enabling de-.
mination of instanta,neots distribution of ve]ocitv field in a pipe cross-sectior.
rve11 as insta,ntaneous slrear stress orr a pipe wall, Unsteady, axisymmetrical :,
buleni florv of a Nervtonian liquid irr a long pipe with a constant internal rat.
and rigid walls is investigłl,tet-!. h{clecver, the follorving assumptions are ta,ke:

o constant distriblrtiol; af pressrrre in a pipe cross-section,

o isot}rermic fiow,

r body fcrces are negligible,

€ lnean velocity in a pipe cross-section is considerably smaller than so _

veiocity irr a liqlrid.

Thkiłg inio account the ahove asstmptions. the liquid motion is describei
cv]indrica]. coołdinates:(r, z,0') by means of Reynolds equation [1]:

1a
+ ;Ń | -rpgal"al, ) ,{,*)

0D" 0p Ia
J/n--=- 3 -.-'" aL 0: '" r0l,
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rhere: Ę, p, - averaged in time, respectively: velocity component in the axial
,lirection and pressuTe, po - steady density of a liquid, z - kinematic coefficient
ofviscosity, 1-time.

The prime denotes the turbuierrt flrrctuating component and the overscore
,fenotes the short-time average vaiue (irr which d, : 0), which is permitted to
:nclude the relatively low frequencies for the sinirsoidal travelling waves under
cosidera,tions. Obviously, under the above assumption the frequency of a pulsating
1orv must be considerably smaller than the frequncy of the trrrbulent fluctuations.
If the length of the periodic wayes of lirluid A ż ZlrR (rorrghiy 

^ 
> 2aR, R -

ladius of a pipe) so, it is shovrn in the analysis of turbulent energy spectrum [3]
l]rat the possibility of corłelation of waves of a liquid and turbulent fluctuations
_s very small. For example, if the veiocity of wave propagation equals c = 1200
nf s and radius.B = 0.1 rrr, so i;he frequency of pulsating flow cu ( 12000 1/s.
The quantityifi in the equation (1) is the turbulent shear stress. According to
Boussinesq hypothesis, this stress is deflned by:

181

poW: -Porr#,

rhere: u1- kinematic coefficient of turbuient viscositv
_\fter on application of the relationship (2), equation (1) becomes:

(2)

(3)
0a, Lap, t0 ( 0ł"\ La / 0a"\
at =-ńa,+';Ń \'łl +;Ń\",a ),

In equation (3) coefficient of turbulent viscosity is unknown, In principle
:here are two diferent approaches to the solution of equation (3), closely connec-
:ed with a way of determination of tlris coefficient. The first way |12] is related
.o determirration of u1 oIL 3" base of the equation for transport of kinetic turbu-
_łnt energy and the algebraic equation of a turbulence scale attached to it, It
.hould be emphasized, that number constants in the above mentioned equations
;re determined on a basis of experimentia1 results for a steady flow. T}re second
;'ay [3, 6, 10] is rela,terJ to determination of an algebraic functiorr of coefficient z1
5stribution in a pipe cross-section on a basis of experirnental results for a steady
7ipe flow. As the result of this, equation (3) is divided into an equation for viscous
,ulblayer and equations for the remaining part of the flow area (the ntmber of
;hem depends on the number of layers n€ce§sary for determination of z1). Both
:resented above ways of determination of coefficient Ą appeaT to be quasi-steady.
The second way enables an analytical determination of tĘe veiocity field in a vici-
:ity of a pipe wall and, at the sa,me time, ailows to define an instantaneous shear
:iIeSS on the pipe wall. This second way (of determination of z1) was used in this
]apeI.
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2.1. Four-region Model

Distribution of the turbulen1
ken from the references [6, 14,
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Fig. 1. Distribution

It will be comfortable for fu
in the fo11owing form [7]:

(4i
lX"

| , ER"^",
where: .\" - friction factor for a steady flaw.,l)^" - mean liquid velocity in a pipe
cross-secticn for a steady flovł, Re-, :ZRa^"lu - Reynolds number.

To describe the distribution of the coefficient ul in a pipe cross-section, the
flow region should be divided into several layers, and for each of them z1 : f(r,
function has to be deternrined.
By analogy to a steady pipe flow the fo11owing regions of the fl.ow are distinquished
[16]: the viscous sublayer (VS), the buffer layer (BL), the developed turbulent flor
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o - Louter [11]

x -Schuboun. llł]
o - Hussoin , neynotCs |15]

20

Fig. 2, Distribution of the coefficient u1 in a pipe wall

layer (DTL), and the turbulełt coTe (TC).Boundaries of the individual layers are
presented in the Table 1.

Table 1

Layers of flow area

Flow zone Zone boundary Coefficient yt

a,=ai Ł
R

Viscous sublayer o+5 0+* U1 =O
Buffer layer 5+35 535;:F -;E u1 = 0.0l(y+)2v

)evelopedflow layer 35 + 0.2R+ *Ł + o.z |t=ut2+{@z- r)

Turbu_lent core l.zR* + R+ 0.2+1 u1 = 0.064u*R

Basing on an analysis of the results presented in Fig. 1 and 2, it has been
ascertained that the coefficient z1 in the buffer layer can be approximated by
means of quadratic dependence, in the developed turbulent flow layer by means
of]inear dependence, whereas for the turbulent cole it can be roughly consideTed
as a constant. Approximated cross-sectional distribution of the coefficient /ż is
presented in Fig. 3. It can be written in the following way:

o for the yiscous sublayer (r3 ( r < B),

Ut:a,

o for the buffer layer (r2 ( r d r3):

ut = a.07(a+)2u,

i

yi
T.o

20

10

(5)

(6)
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Vtł
Vtr |-- -

L3
n+n

35 c,2 1y
R{F

Fig. 3, Approximated distribution of the coefficient z1 for the four-region model

o for the developed turbulent flow 1ayer (r1 ( r a rr),

, (r,r_ utz\Ut=Uł2+\rr_" 
)\rz-r),

o for the turbulent core (0 ( r ( r1):

Ut = UtI.

Expressions deflning quantities: ut7l ut2l 11 , 12 3,[d 13 have the fo11owing forrr;

E
utt=0.0I61f 

,Re^,u,,

utz=72.25u, ,_

rr = 0.8fi, l_

' *G)o, ,_,r:(1-d
..=(r-i*{tr*)o -

Many publications [3, 7, 8] leave out the buffer layer when determining ;,
coeffrcient of turbulent viscosity. which is the cause of discontinuity of a tur:
lent viscosity profile. The presented approximation method for a coefficieni
turbulent viscosity in a pipe cross-section takes into consideration continuit1;
its profile. It allows to determine the velocity field of a iiquid more precisely, s-_,"

cially near a wall, and thus instantaneous shear stress on a pipe wall.
Quantities: LĘ7lT2lr3 defining distribution of the coefficient z1 depend on :

mensionless dynamic velocity ó*, which is determined in the following way:
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(14)

Therefore the presented profile of coefficient u1 in a pipe cross-section in a case
of smooth pipes depends only an Re^, number, because .\" : /(rĘerr,"). Howe-
ver, if one takes an instantaneuous Reynolds number Re* = \- (r^ - an
instantaneuos mean fluid velocity in a pipe cross-section), instead of Re^r, and a
quasi-steady friction factor ),, = f(Re*), instead of }", the presented distrubu-
tion of the coefficient u7 will be seen as quasi-steady.
Knowledge of the distribution of the turbulent viscosity coefficient enables divi-
sion of equation (3) into four equations describing motion of a liquid in individual
layers of a flow region. These a,re the equations:

o for the viscous subiayer:

?r"t Iap, (0'r,r. 1a0,1\
at =-par+/\ a, +i a, )'

c for the remaining layers of flow region:

7u"r I ap , 02r"t . /r, lut\ 0o"l
at:-ńar+u[ arz *\;* u1 6r,

(15)

(16)

where i = 2,3,4 (i = 2 fot tlre buffer layer, z : 3 for the developed turbulent flow
layer, i = 4 for the turbulent core), u"; - an axiai component of the velocity for
the individual layers of a flow region, averaged in time.

Equations (15) and (16) for i = 3,4, with utilization of the relationships (7)
and (8), as wel1 as after Laplace transformation for zero initial conditions, resolve
tlremselves into the modified Bessei equations [22], whereas equation (16) foT i =
2 włren taking into account relationship:

-2 >1 for 12śr(rs
It-T T

can talre a form of a quadratic differential equation with constant factors. Solu-
lions of motion equations for the individual layers become:

o for the viscous sublaver:

Vt = CJy(TI) + CIIy{TL) -
IaP

(17)
pgs az'

l ll

V2-CgenzłCaeTz IaP

o for the buffer layer:

p6s 0z' ( 18)
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o fór the developed turbulent flow layer:

Vs = CsIo(Ts) + Co-rrolrr; -
o for the turbulent core:

1aP
pgs az'

Vi = CrIo(Ilł + CglrolT^1 -
IaP

P()s az 1

where: IorKo - modified Bessel functions of the first and second kind of orderł
U, P - Laplace transforms for velocity and pressure, i. e. :

V(r, z, s) : L(a 
"l(r, 

z, t)) P (z, s) = t (p{z,, t)),

s - is an operator of the Laplace transformatiory f. - indicates simple Laplae.
transformation, e - base of the natural iogarithm. Quantities: Ttr. . .Tą have iin
form:

(1$

(2t,

Ea
Tr = \ł;' (1;

(li

T
T"=21ł^*"(ffi^r412-r),

where: L,r : 12 - T!, Lu1 : Uil, - Ut2l

Ee
T4= 1l-,|",

V(r: r;) =V;al(r = rł,),

av , , ryV*l
^ 

(r:.o) = *(, - ,,),OT OT

Integration constants: Ct,...C3, which are present in the equations {_*
(20), were determined from the bounadry conditions resulting from continui;,,
velocity and shear stresses at the point of contact for layers. These conditiom nil

be rvritten down in tlie foliowing way:

ł;;T) ,n1*_.1,

(1$

{][

fot i:
and:

I,2,3

Vl(r:fi):O.
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Besides, velocity at the pipe axis has a finite value, which causes that C3 = Q,
since function 1f6(0) takes an infinite value.

2.2. Three_Region Model

Leaving out the buffer layer, and thereby equation (16) foli : 2, one can
obtain the three-region model of the turbulent viscosity factor distribution in a
pipe cross-section, preserrted in Fig. 4. The point of the viscous sublayer contact
with the developed turbulent florv layer is defined by a dimensionless distance
ał : 1I,5 at which velocities of the both layers are equal. Equations of 1iquid
motion for the individual layers remain unchanged (these are equations (15) and
(16) for i : 3,4), but one should, as§ume:

y
T,

l l,J
R}

Fig. 4. Distribution of tlre coefficient z1 for the three-region model

I/t2 = 1,1 + ffi(rz - r) for Eq. (7),

,, = (t - &{F) , for Eq, (12)

The analysis of the individual terms for the equations (15) and (16) has shown
rat in the case of 1ow frequencies inertia terms in equations of motion for the
,-scous sublayer and for the developed turbulent flow 1ayer (Eq. (16) for (i : 3))
,rr be omitted. On the other hand, equation of motion for the turbulent core
-q. (16) for (i : 4)) remains unchanged. It is right for frequencies:

u ś= 2nĘ,,ri
,;ltrg into account the above mentioned, a solution of equations of motion after

:, Laplace transformation takes a from:

r for the viscous sublayer

vt = (rirl ffł + łr rn(fi; ł Dz, (24)
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o for the turbulent core

Vą: Dslo(ną) * Dal{o("n) -
IaP

pos 0z'
where:

(20.rl

Constants D1 , . .D6 WeIe determined from the boundary conditions, which are
expressed in the follorł,irrg way:

1. r : 0i Va - finite value,

2. r = R;Vl=Q,

3. r = a; -porp - T.: (r-) (shear stress on a pipe wa11),

4. r = 11; Vg: V4,

5. r=12;V1 :V3,

6. r:"2;#=W.
The assumPtion about a steady distributiorr of the coefficient u1 fot a pipe

cross-section is cortect for high frequencies of liquid oscillations [3], whereas fbr
iow frequencies a change of the coefficient ł1 due tó a non-stationary ńow should be
takryr into. account [7]. The only variable quantities defining the piofiie coefficient
z1_(Fig. 4') are u11 and, 12. They can be described as funitions of the dynamic
velocity o* in the foliowing way:

o for the developed turbuient flow iayer

where:
'" 

= (, ) Torrr* D3ln(n3) * Dą,

",=(+#) ("#) ,

un = 0.a64u*R,

rz:R-afu+ =11.5) _ R-'?)*'

(26

(25

(25.I

(zi,

(28',

Variability of the coefrcient u1 in a pipe cross-section was obtained on the as-
sumPtion of a variation of the dynamic velocity ,łl* as a function of frequency. It
will be presented in chapter 4.
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3. Determination of Instantaneous Friction Factor

The instantaneous friction fa,ctor )(ź) was determined from the relationship:

1B9

To its determination a transfer function is helpful. The function defines tlre ratio
between shear stress on a pipe wall and a mean velocity, and can be written down
in the operator form:

for the four-region model

, : # (!".'
for the three-region model

wrv - ffi'

polv+§rtrr=o,

\ /ł\ _ 76W1
^\L) - R"*łI+ Ari"ę)'

(29)

(30)

rvhere: s - is operator of a Laplace transformation, 7 : L(r-) and V = L(a^)
presents the Laplace transfornrs of the instantaneous shear stress on a pipe wall
arrd of instantaneous mean velocity.
Function (30) was determirred by taking into account the following relationships:

)Vtlt = -Pou 0, |r=*,

vard,r * l,'" 
y3rd,r - l,:vrrdr), (32)

(31)

(33)

lor the both models.
The last relationship describes the eqrration of rnomentum - after Laplace trans-
t'ormation - for an averaged flow. It is necessary to eliminate the pressure gradient
,ł,hen evaluating the transfer function (30).
ll the case of a flow which pulsates harmonically with co frequency i. e.

Um:TmOłu*Asinł.lź, (34)

_Le substitution of s : ja to the relationship (30) one gets the frequency
.łer function. It is reai part łĘ represents an effective resistance,
g the relationship (29) one gets:

(35)

,ie evaluation of equation (35) and a mathematical structure of expression Ę
,n be found in references |20,,2I].In a general case )(ź) has the form:
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)(r) : ),(Re*o,Q, A,ę), (3i

where: R€*o : ry - Reynolds number connected with the mean velocity -:
time u^o, f} - dimensionless frequency, A - dimensionless amplitude, ? = ut -

plrase angle. Quantities ,f) and .4. have the form:

n _'R'
)

u

l -U*AĄ 
- 

-l
DnO

(3-

(3i

4. procedure of calculations

calculations of the instantaneous friction factor were carried out accorŁ_l
to the relationship (35), for the cases of the four-region and the three-regi_:
model of turbulent viscosity. In the case of the four-region model, tlre quasi-stea:
distribution u1 in a pipe cross-section was asśiimed, but instead of Re^, and
the relationship (1a) contains:

o the instantaneous mean Reynolds number Re*

.Re* - Re*,(l* Asinrp), i j",;

o the quasi-steady friction factor (acc. to Von Karman-Nikuradse 1aw)),

1

ft= 0,8691n(/ie*łĘ) - 0.8,

rescpectively.
In the case of the three-region model, as it was mentioned before. -l

dynamic velocity changes as a function of frequency. The procedure can be :,.

scribed in the following way. In the case of a harmonic pulsating flow, the tran=:,
function (30) takes a, spectral form i. e. :

Wrv(ja)=Wr(Q)+jwz@).

Thus one can write down: 
T : A-Vej*,

where:

Wł +lvł,

ł : arctan (W) , l-
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lnput; Re.o, Q=S',A=*;ePsi.

Cornputotion of fi.o occ. to

Ł - 0,86g [n [Re*o {Ą}-Og

u*, Snu*"\ff

Compuiotions óf ix onC 12

occ,to Eqs,(2Z)ond t28}

Computotions of n" ond n"
occ.to Eqs. (zs.t) ońa (zO.tl

Computotion of W1 os reol port of W

{1* sinp}

.9
EaJĄ-*'i-sT-- (,gL}
-oóo
L.
x(J;8
o=
5iF;r]+,Ę'6
io
EE
()

Fig. 5. Algorithm of calculations of )(1)
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For sinusoidal changes of the mean velocity, u* = I)mAsin.irt, one gets:

r-(t) = A-l)r,Asin(or f ,ł/),

Taking into account that u*(t): \P one gets:

tl*(t) = 
^

Re* = 5 10d

§-5D0 l

l

t -ł=o.1 |-2-A =0.3 
I

(43

(u

0.

3.*A = D.5
4 -A -0.8

? =,łt

Fig. 6. Insiantaneous friction factor A(t) for different amplitudes.4,

Calculations of the coefficient )(l) are carried out by means of an iterati-,l
method, which is shown in the caJculation algorithm presented below (Fig. 5).
The following quantities constitute input data of the algorithm: Re*o, a, A, a::
the relative error of coeffrcient }(ż) - eps\.In the first iteration calculations a:l
carried out on a base of assumption that u* - f (Re^o) = const The value :

u*, calculated according to (44), becomes a starting point for the next iteratio:
and so on. Calcuiations are carried orit tiil the relative error of the quantl;
)(t) is smaller than the set value of an error (for the calculation, .uriiud o.
eps\ = 0.001), i. e. :

)"+1(r) _ }"(r) { eps),
A"(r)

where: n - iteration number.

5. Results of Calculations

some results of the numericaJ, ca,lculations for the instantaneous friction fact:
are presented in Fig. 6 and Fig. 7. Figure 6 shows that the coefficient ,\(l) decrea.+

(!=
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0J1
I

=i I

0,12|

i

0JOt

I

Rer" - J2.104

A = 0,5

_l

1-ę.- 50cll oac. to
2 - Q . 6850 

|computotions
3-Q=5.;$'j

o - experimentol
resutłs fi3]

0,5T 1,5?r 2T
t!'=ut

Fig. 7, Instantaneous friction factor )(ź) for different frequencies O

as an amplitude increase§ during the half-period of a pulsation cycle (from 9 = 0-o ę = n), whereas it increases during the second one. The influence of the
:requency on coeffcient 

^(ź) 
variations is presented in Fig.7. It can be seen, that

rs the frequency C) increases this coefficient increases also, for the whole pulsation
:ycle. Both the increase of velocity amplitude (at the same time Reynolds numbef)
łnd the frequency increase c&u§e a decrease of the thickness of boundary iayer [3,
_ 1]. This fact causes an increase of the velocity gradient in a normal direction and
t the same time an increase of the shear stress on the pipe wali. The remarks
:le§ended above confirm arr increase of the friction factor ), wtrich is shown
r Figs. 6 and 7. Some results of the numerical caicuiations were compared to
tsults of experiments available from the literature. Fig. 7 compares values of
(l) obtained by means of shear stress measurements on a pipe wall (acc to [13])
itir results of the calculations for the four-region model of .\(t) (curve 2). A good
lnformity of the results is evident. Figure 8 compares values of )(ź), obtained
:o]n an experiment (acc. to [9]) whith the resuits of the calculations of ,\(t) for the
.llee-region model in a case of a quasi-steady and a variabie dynamic velocity. The
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Fig, 8. Instantaneous friction factor for O = 121

gTeat€st scatter of calculation l€sults occllls in the second half-period of pulsa;, 
"

cycle (from 9 = r to ę - 2n). F'or this range the calculation results of the valia:
dynamic velocity mode1 ale approxinate to the experimentai results. Figur,_*
and B present also results ofthe caiculations for quasi-steady friction factor. e:
to (a0), These results differ considerably from the experimental results.

6. Conclusions

The paper presents mathematical rnodel of the unsteady turbulent flot,,
liquid in pipes, based on tlre quasi-stead}, distribution of turbulent viscositi, ,

efficient iri a pipe cross-section. On a ba,se of these models, instantaneous fric;_
{actor A(ź) in the range of iow (§} : 121) and high (a = 68.50) frequencies conf.:l]
usefulness of the rvorked out models tbr the determirration of hydraulic resista]
in pipes. Besides, it lras been ascertained tlrat the instantaneous value of - 

.

friction ie,ctor considera,bly differes from the qrrasi-steady one. This fact shc _,

be taken into account in Cynamic calculation§ of hydraulic systems (e. g. du:-:
calcrrlations of pressure changes for water hammer by means of characteristic -
thod). In this connection one should tend to work out possibly simple mode,.
hydrauiic iosses functionally dependent on mean velocity changes in time, hei; ^

foi calculations of transients in hydraulic systems. Such models are worked :

for the case of unsteady laminar pipe flow [17]. tack of such models resu_1:.
carrying out calculations which are based otl, quasi-steady hydraulic resistanc:
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Współczynnik strat tarcia w prz€wodach zamkniętych
podczas pulsująeego turbulentnego przepływu cióizy

s Ireszczenie

!V PracY Przedstawiono modelg matenratyczne nieustalonego tr:rbulentne5o przepływu cieczy w ;:,r
wc,dach zarnkniętycJr z uwzglednieniem quasi-ustalorr"go 

"o"kładu 
współcz|,nniI-1uitoSa turbu]c:, .

w PrzeJ<roju_Poprzeczrrynprzewoclu. Oparte są one o czwórwarstwowy i trójwarstwówy rozkład w=
czYnnika lePkoŚci turbuletnej, pTzy czylr, w drugim przypadku dla niskich częstothwóści uztnien:r;l,
PrędkoŚĆ dYnamiczną w_funkcji częstotliwości. Modele te adaptowano do wyznaizenia chwilowego rn
czYnnika strat tarcia. WyryH obliczeń numeryczynch chwilowego współczynika stra.t tarcia pÓ.ór=o,
z odpowiedrrimi wYnikami badań.eksperymentalnydr, uzuskując dobrą zgoóność. Pokazano, że ch* ,
współczynnik strat tarcia zttaczltie odbiego od wartości quasi-ustalonój.-


