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ANALYSIS OF NONSTATIONARY INCOMPRESSIBLE
FLOWS IN DIFFERENTLY SHAPED CHANNELS
ON THE BASIS OF SYMMETRIES

A. A. Avramenko UDC 532.526

Nongtationary flows in laminar and turbulent regimes in differently shaped channels have been inves-
tigated theoretically. An approach has been used which is based on the properties of the symmetry of
differential equations (Lie groups) that describe the process of an accelerated channel flow. A way in
which the self-similar forms of one-dimensional and two-dimensional flow can be obtained on the
basis of symmetries is shown. The self-similar equations of the process and their analytical and nu-
merical solutions are given.

Nonstationary (accelerated) channel flows were usually calculated with the use of operational methods
[1], where the velocity distribution was represented in the form of a functional series, but they were not
always convenient for calculation. The pressure gradient was assigned in this case by the Heaviside function

_l@() tSO'
-const, t>0.

But if the pressure gradient is prescribed in the form of an arbitrary function, then frequently the solution
cannot be obtained on the basis of operational methods. In [2, 3], group methods of analysis of turbulent
flows were used which are based on the application of Lie groups. These groups describe the symmetries of
differential equations. We will try to use a similar method to investigate accelerated flows in differently
shaped channels provided that G = G(t).

Let us begin with the analysis of a flow in a plane channd provided that G = Ggt" (G is a constant
of corresponding dimension), i.e., the pressure gradient is the exponential function of time. When n = 0, the
Heaviside function is obtained. The equation of motion has the form

ou__1 dp o u o)
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Equation (1) will be investigated on the symmetry in the sense of Lie groups, i.e., let us try to find such
transformations that do not alter this equation. Using the procedure described in [4], we find the infinitesmal
operator (C4, Cy, and C3 are congtants)

q=(2C, (n+1) u+Cy) 9, +Cy20, + (Cry + C3) 9y, 2

which characterizes the symmetries of Eqg. (1) and on the basis of which it is possible to find self-smilar
variables for this equation. Proceeding from Eqg. (2), we compose the differential equation
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to find the self-similar coordinate . The solution of this equation by the method of characteristics yields
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In our problems, it is convenient to adopt C3 = 0 and, using the kinematic viscosity, to represent the self-
similar coordinate in a dimensionless form:
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Similarly, we find the self-similar function with account for the fact that in our case it is convenient to select
time as a parametric variable. Then, the velocity u can be expressed in terms of the self-similar function,
having adopted that C, = O:
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Using (3) and (4), we rearrange Eq. (1) to the ordinary differential equation

2
T nd ey =-a, ()

dr|2 2 dn

in which A = Gov™2h®™3, Equation (5) is solved by the method of variation of constants in the form

O 1 r]2D 01 3 nzﬂ
f=D(),F,G1-n,5;-—EMnNF G>-n,>;-—0, (6)
(r])l 1|:| 2 4D (n)nl 1|:| 2 2 4|:|

where 1F1(a; b; 2) is the Kummer confluent geometrical function; the functions D(n) and E(n) are determined
by solving the system of equations

5, 1. 00 de D1 3. nH
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Solving this system and substituting the results into Eg. (6), we come to

O 0 O 1 n
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Using the boundary conditions
f=0 for y=0, f=0 for y=h, (M

we find the integration constants ¢; and c,. In the fina form the expression looks like
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The velocity profile can be easily calculated on the basis of Eq. (4) with account for (8) using contemporary
applied packages such as "Mathematica" The alternative path is direct numerical integration of Eq. (5) with
account for boundary conditions (7), which can be easily implemented using a package of the series "Math-
cad." To test the relations obtained, calculations were carried out for n = 0. For this variant there is a solution
obtained on the basis of the Laplace transformations [1]:

. cosﬁ%+kn%$%
dxh oy o ’ D 0 ot 3.0 .
& DD‘4Z(-1) [exp (7 4 [ + kg Fop ©)
4 Hv2pH s oo 2 88
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0 e

In this formula, Fo = tv/h? is the Fourier number and the coordinate origin in the transverse direction y = 0
corresponds to the center of the channel. The comparison of the results by formulas (4) and (9) is given
below:

Fo 1/25 /9 V4 1 2 5 10 50
A, % 0 2.3 9.5 18.6 141 6.3 3.2 0.7

Here A is the maximum relative difference of the velocities (on the channdl axis) calculated by formulas (4)
and (9). It is seen that the maximum difference is attained when Fo = 1, and then, as the flow develops, it
tends to zero. The advantage of formula (4) is that it allows one to easily calculate the velocity distribution
in the accelerated flow in the case of exponential change of the pressure gradient in time.

In the case of a cylindrical channel and exponentia variation of the pressure gradient, the equation of
motion has the form

ou_ 1d [p%u  10uD [’y . 1 0ull
SR S+ TG V5 (19
ot p dx [@r rarD [q)r rorp

The symmetry of this equation is characterized by the following infinitesimal operator:
g=(2C; (n+ 1) u+C)o,+Ci2to, + Cyro, .
The corresponding self-similar variables have the form

r _ n+lvn+1

=——, u= f ,
n Vvt ( R2n+2
where R is the channel radius. Using these variables, we transform (10) to

2
df . 1Ddf fn+1)=
% ﬂDdrl

The solution of this equation is sought by the method of variation of constants, using the solution of the
corresponding homogeneous eguation
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is the so-called Meijer G function. The integration contour lies between the poles of the functions I'(1
—g—9) and I'(bj + ). The gap in the curly brackets in Eq. (11) means that these coefficients are absent, i.e.,

"D 1 (9 W0
=Y O ds.
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The functions D(n) and E(n) are determined, just as in the case of a plane channel, from the solution of the
corresponding system of equations:

dD D r]2|:| dE 5} 0 O 0 0 m r]2|:|

——F1E1-n1;-—H—=GmQ ., +n$’}w0;7ﬂ L, =0,
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a2 FiFn,2; 45 q 2Gm g,gl+n%,ql,0;,gg,4lj— A.

Having solved this system and substituted the results into Eq. (11), we obtain an expression for the velocity
distribution. For a cylindrical channel the integration constants are found from the boundary conditions

R

f'=0 for n=0, f=0 for n=ne=g -
vt

For an annular channel with internal radius R; and external radius Ry, the boundary conditions have the form

R
f=0 for r|=r|1=7—vlt, f=0 for n=n,= (12)

ﬂ .

The calculations carried out for the cylindrical channel with n = 0 show that the results closely coincide with
those found on the basis of the relation

r
O 3 o Jo %kﬁ
dp/dx K
= X —DDE—SZ D) —5—— Eexp%aﬁFoE,
a ud k=0 oidy (ak) 0

which is obtained by the operational method [1]. Here Jy and J; are the Bessel functions of the first kind of
zero and first order, respectively; oy are the zeros of the function J,.

Let us consider a curvilinear channel. The equation of motion with an exponential change in the pres-
sure gradient has the following form:
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The flow is dong the azimuthal coordinate ¢. The azimuthal pressure gradient is independent of the radial
coordinate and is an exponential function of time. The symmetries of Eq. (13) are characterized by the infini-

tessmal operator
g=(2n+1) ud,+ 2td, +ro, ,

which gives the following self-similar variables:

2n+l  2n+l
r \Y t2v?
- u=s—fn)——
Vvt R, et

Using them, we transform Eq. (13) to

2
d_fz_'_lj‘]_klgi_f%_'.l.'_ E ,
dn % nodn o 2 ng n

where B = Gv " 2?™2, The solution of Eq. (14) with boundary conditions (12) has the form
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The results of calculations for the case R/R; = 1.1 for n = 0 are shown in Fig. 1 in a normalized form. The
ordinate axis has the function f(n) related to its maximum value. It is seen from Fig. 1 that with the devel-
opment of the flow (with increase in the Fourier number Fo = tv/ R%) the maximum of the velacity profile
moves from the convex wall to the center of the channel. In the initial stage of development (Fo = 0.01), the
velocity profile has a maximum near the convex wall. Thereafter, when the flow has already acquired some
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Fig. 1. Velocity profiles of an accelerated flow in a curvilinear channel:
1) Fo =001; 2) 0.1; 3) 1.

initial momentum, this factor (the radia pressure gradient) exerts a not so substantial influence on the shape
of the velocity profile, and its maximum tends to the channel center. At large values of the Fourier number
(Fo >1) the nonstationary velocity profile agrees well with the theoretical stationary one [5].

Now, we consider a hypothetical turbulent accelerated flow in a plane channel assuming that the flow
induced by a nonstationary pressure gradient is instantly turbulized. Of course, under real conditions the ap-
pearing flow aways has a laminar character; however, under large pressure gradients the time between the
occurrence of the flow and its transition to a turbulent regime can be insignificant. In this case it is possible
to neglect this delay in time and consider the flow to be turbulent from the start. The equation of motion has
the form

du__1dp, 00 oud ..o, 90 dul (15)

- G+ 2w, Y5
ot pax ayDTayE 0 TayREoyE

It is assumed here that the pressure gradient has an exponential character, whereas for the total vs (turbulent
and molecular) viscosity we use the model of the mixing length for

zaU
—v+xy a_y

where x = 0.4 is the von Karman constant. The calculation is to be carried out up to the middle of the
channel, assuming that the flow is symmetrical relative to the center of the channel.
The symmetries of Eq. (15) for n = —1.5 can be described by the infinitesimal operator

q=(-Cu+Cy g, +C2t0; + Cyyo, ,

which yields the following self-similar variables:

=2 u=y/T . (16)

Using them, we make Eq. (15) dimensionless:

d ,dfgdfon df 1 GtY"
% n"—o o, —t-f=- : (17)
dn m dl’] an DZ dn 2 Vv

We can see that the total self-similarity exists only when n = —1.5, as was noted above. However, this is not
an obstacle for numerical integration of (17), since the time can be interpreted as the parameter in integration

1144



over n, i.e, to use as if the "marching” method of calculation in time. The procedure of numerical integration
of Eq. (7) is easily realized with the aid of the "Mathcad" package under the boundary conditions

f=0 for y=0, f =0 for y=h/2,

which reflect the symmetry of the flow relative to the center of the channel.

Equation (17) was obtained assuming the presence of the exponential pressure gradient. However, as
we see, this limitation yields the total self-similarity only on the condition that n = —1.5. Moreover, neither
the variables in (17), nor the left-hand side of (17) depend on n. Consequently, there is no need to restrict
the form of the function of the pressure gradient. We may analyze the case where the pressure gradient is an
arbitrary function of time:

. dp P=cw. (18)

Using Egs. (16) and (18), from Eg. (15) we obtain

3/2

d +x2n2 dede n df f: GHt -

dn anan 2 dn 2 Vv

This equation is integrated in the same way as Eqg. (17), i.e, the term G(t)t3/2 is prescribed numericaly at
each step in time.

We consider the v-model. In addition to Eqg. (15) it dso contains an equation that describes the be-
havior of the total vs viscosity [6]:

vy, Vs s, v i N ) P Bk( ) (19
iy EI—D"‘ Vs = iV) G0~ — (Vs —iV) Vs,
ot oy’ oy L

where Ay = 0.133, By = 0.8, and Ly = y; j may be equa to unity if, in the last two terms in Eq. (19), there

is turbulent viscosity, or to zero if the viscosity is total. The group analysis of the system of equations (15)
and (19) shows that its symmetries at j = O are described by the following infinitesimal operator:

q=(1+n)ud,+ 29+ (2+n)yd,+(3+2n)vs 0,

When j = 1, we failed to obtain expressions for the groups of symmetry. However, as we can see below, this
is not a substantial problem in numerical calculations.
Using the infinitesimal operator, we find the self-similar variables

2+n ,1+n 4+2n  3+2n

_yh3+2n v v
r]_(Vt)2+n7 U—Wf(ﬂ), Vz—WN(ﬂ) ,

with the aid of which we transform the system (15), (19) to the self-similar form

o’f N+ dN df 2+m) df oy Gh*™"
— ——+2+nnN—-(n+ =- ,
dn®  dn dn Tan al

N\, . NG O df Bk&kl

—N+ +(2+n)r]—+Ak O\ - (3+2n)N=0.
an %m[l &KI 3+2n|]

3+2 D
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As we see, the given system of equations is not completely self-similar because of the presence of
the constant j. When j = 0, we come to a completely self-similar system of equations. The presence of the
non-self-similarity must not cause difficulties in numerical calculation, since at each step of the marching
variable it is necessary to prescribe Fo as a constant parameter and perform the solution of the system as of
the system of ordinary differentia equations.

We consider the k—e model of turbulent viscosity

K

According to this model, the equation of motion is supplemented with two equations for the kinetic energy
of turbulence k and dissipation rate € [7]:

50 o ol
oty epoyn 5

2
o o0 M KX 0ol [Oul] &
— = mv+C,—0.+CC k@j -Cy v (20)

where C,, Cy¢, and Cy are the constants of the modd.
When n = -1.5, the system of equations (15) and (20) has the symmetries

q= % Cy + G0, + Cytd, - % C,u+CyHD, - Cikd, - 2C,£0,
0 0

to which there correspond the following self-similar variables:

y —/v Vv Vv
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On their basis we find
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Just as in the case of the mixing-path model, this model is strictly approximated for n = —1.5. Again, this is
not an obstacle for numerical integration, since the time can be interpreted as the parameter in integration
over . If Eq. (18) is used for the pressure gradient, we have the equation of motion in a more general form:

KDdf Lo KdE K dkCdf 1 ¥2

Gt
LA _c R G& Rdr L=
El CV g CV CVEdI‘]DdI‘] 2 Vv
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For a cylindrical channel the accelerated flow is described by the system
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which has the infinitesmal operator for n = —1.5:
U
This operator gives the following self-similar forms:
r —/v Y Y
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With the arbitrary form of the pressure gradient function (18), the equation of motion is transformed to

O K20 of L0, K2 dE , ,~ KdK K2 10df 1 GtY2
d+c,op+7+=-c, 5% i, >+ =f=-
O ¥ Epd? CVE dn CVEdr] VE b 2 W

In the case of a curvilinear channd the k=€ model has the form
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The symmetries of this system for n = —=1.5 are
Q=3 10, +10,- 5w, - kd, - 260
which makes it possible to obtain
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Provided that Eq. (18) is satisfied, the equation of motion takes the form

0 KOd¥ 1 K2 dE K dK K2 10df
1+C, n—+%—~ Lo KK K 1pd,
O E gn® n E dn E dn E npdn

3/2
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y En nE” dn nEdng W

Now we consider two-dimensional flows. Firgt, take the channel with a rectangle cross section with
a laminar mode of flow. The equation of motion has the form

t pox gayz ZZD ¢ oy’ ZZD

Its symmetries are described by the expression
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q=(2C; (n+ 1) u+Cy) 9, + Cy20, + (Coy + Cg) 0y + (Cry + Cp) 0, .
Consequently, the self-similar forms have the form

=L =i v n+l\)n+l
L. : Wt ( o W22

They allow us to obtain the equation

2 2
a—f2+a—]; nor, go -f(n+1)=-A
on~ 08 20n 26E

which should be integrated under the boundary conditions
f=0 for y=0, y=h, f=0 for z=0, z=b,

where h is the width of the channel in the y direction and b in the z direction, and the time is used as the
parameter.

For the curvilinear two-dimensional channel the following relations are valid:

e equation of motion

ou  1dp % 10u u ou0 Gt" B 10u u o°ul
— = —— AVt St AV 5t~ + 5[],
ot pr 0 or" ror r o7 o r or

e infinitesimal operator
q=C;(2n+ 1) ug, + C;2to, + Cyro, + (C,z+ C)) 0,,

o self-similar variables

2n+1 2n+l
2 2
r V4
n = — (n E) )
Vvt e R1 1”+1

* self-similar equation

+

gt ot PRSI
> 98 % noon 2 0

* boundary conditions

2 2
6f+6f+D‘] 1D6f & of %H'l
0 2

f=0 for r=R;, r=R,, f=0 for z=0, z=b.

The two-dimensional turbulent flow will be analyzed with the aid of the k—¢ model, since the other
two models that were used in the present investigation for one-dimensional flows are inconve-nient in this
case. For a rectangular channel flow the model has the form

ou__1dp, 0 M KOoud 9 W K*Ooud
== v +C, 05 O 5 IV + G, "5+
ot P dX ay[l]] Day 0z Zm SDa
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0 W KKOoud o D KZ0aul]
=Gyt"+ -V + T 0t 5 M +C, 0
* oym “ epoyg 0z “ € 0oz

k_o M K¥Ookd o D KOakD & MduLf Eau[FD

+C,— +— +C, — +C, + —
ooy egeyn ozl Y egozs e (yH b -
oe_ 9 M kZDGED 9 DD K0l D]:aumz Duto . &

+C,Crk + .
ot oy Oy e I +C e Hoz ORI 0+ Oy 0 Coe

This system of equations for n = —1.5 has the symmetries
q= s Cy+ Cz%‘)y +2 Cz+ C:Eaz +Cyto, - < Cpu+ C4%‘% — G,k — 2C,€0;
2 St ] 2 ]

which generate the following self-similar forms:

\Y)
n=-l =i \/—f(rl 9, k=7K(0.9, e=3E0.9,
0 K*0o% O K*O0F Oh . K?OE K oKL of
+C,—[1—+tA+C,— =+ -G —=—+2C,——
SR BT Y e R Ve
G K*OE K aKDaf 1, Gt¥#"
+EI—_CV_2_+2C\) —f:—i’
2 E 0 EazDaz 2 v
El+ K? aK El CVK 05°K H]_CVK_O_E ZCVEO_KDOK
0 EDOI‘] 0 EDOE g E on Ear]Dar]

K? 0E K 0K OaK K | | K DfF0
Eh-Cv—— C, -0 %"'Cv_ 0+C _o,oK-E=0,
? E G EOERE § Egng " E9Eqq

E1+CVKD6E v+ CVK Oo°E %]__CK_ﬁ_FZCKaKE,a_E
O Dan O DGE ? E” an E onpon
O
oG O oo KB G ¢, ElEs CRCVKWEZﬁfEZE—O
R Teage 5 7KE S

When Eq. (18) is satisfied, for the equation of motion we have

0 209% O K20 0
g, KBt [1 K azf R £6_E+2C K oKDt |
O Eman DGE 2 E® an E onon
2 0 3/2
JELG KB oo KOKDA 1, G
E- 08 E 0§08 2 Vv
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The last of the cases considered is a turbulent two-dimensional curvilinear channe flow. The k—
model here has the form

PaT AT A R R
ap 2B KRR B o ¥Eran 0 . Kom)
SRR N

%3;§jqf§?%§% AT ey - Gores

The symmetries of this system for n = —1.5 are characterized by the expression
Q=310 +3 20, + 10~ 5 Ud, ~ ko - 260, .

The self-similar forms are accordingly the following:

r V4 A% \% \Y}
:—, =—7 = _f ’ ,k:_K y y =_E ) ]
n g== u\/t M., k="K@8), e=3E@

Vvt
O K20 0% K20 % 1 K2 0E K oK K2 100f
A+C,—0— g q- %+——Q;3——2C——— C,——1oT—+
O Eman O EDGE n E” on E on E npon
3/2+n
B K2 OE . KoKOOf 0 1 K2 1 K? OE K KO Ggt
Boc KR KNG L K KO g KOG T
E 0¢F E 08 708 n En nE- an nE on Vv
[ 209°k O 2D 0
E1+CVK—6§+[1+ oK 1 K® 0E 2050_K CK_EDa_K
O Epon® o E 0og’ g n E” an E dn E npon
ok , O | 2 20 2
' E® o8 EOEDOE D Emong 0¢0n Er] r]Ear]D
O K20’E O K200°E 1 K OE , ~ KOK k2 100E
A+C -0 Z+td+CG—0O 5+ % St —+C, o+
O Egon® O E 0og n E” on E on E npon
K OE , . K OKUOE E [Ty (P of 0
+B’—C\, +2C, —— 1 — % Cop— EE+CRC\,KDE—D +E‘I—D +$ +2——=0.
% E” 0 E 35535 0 Kg monNo Mo &0 on rlD

Once Eq. (18) is satisfied, the equation of motion takes the form
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TABLE 1. Sdf-Similar Forms of Nonstationary Channel Flows

Regime Channel n 13 u Vs k €
, Plane, one- th+lyn+l
Laminar dimensiona | ¥/ vt - (n) 22 h h h
, Cylindrical, th+yn+l
Laminar one-dimensional r/ vt - _f M)~z R2n+2 - - -
) Curvilinear, v t(2n+1)/ 2V(2n+1)/ 2
Laminar | e dimensional| ™/ Vvt B Ry RE™2 B - B
Turbulent,
mi)l(iezg-tﬁath olilrgneﬁé%]r%l y/Vvt - Y/tf () - - -
Turbulent, yh3+2n 2Hyln yArandtn
v model Same (Vt)2+n - h3+2n f (n) h6+4n N(n) - -
li%ﬁg » y/ Vvt - Y/tf () - (v/HKM) | (v/tDEM)
Turbulent, indri
k—€ model once:?(ljlilr?w%rrllscﬁljhal r/ vt - /tf(n) - (v/HOK(n) | (v/12)EM)
Turbulent, ilinear,
k—€ model ongltjjri\gwltleﬂg%rnal r/ vt - v/t (n) - (v/HKM) | (v/1A)E(N)
, Rectangular, thHyn+l
Laminar two-dimensiona y/ Wt | 2/t f(n &)~z ) - - -
' Curvilinear, v {(2n+1)/2,,(2n+1)/2
Laminar |, O dimensional r/vvt | z/Vvt ﬁlf(n, §) T - - _
Turbulent,
kee model tw%ﬁ;nagqlgi%rﬁal y/Vt | Z/Vvt Yv/tf (n) - (v/K(n) (v/t2)E(r])
Turbulent, ilinear,
e | ouiinen | | 2/ W/t (n) - WK | (v/DEM)
El+ KDaf+E1+CVK_2Da2f M ,1_. KOE voc, K ¢ Klga_f
2 2
5 VEmi’ o "ER& @ on “Ean  “Eam " Engon
+EE'—C K us Cﬁa—Kgﬂ+q—i—cv£2i+ch_za_E_2Cv£a_KBf _Gtg/z
2 2 2
g E? 6E "E 98 108 % n En nE” an nE onp Vv

The results of the analysis of all the cases considered are given in Table 1.

The present investigation has shown that the use of symmetries makes it possible to rather easily
analyze a wide range of nonstationary flows in differently shaped channels. One-dimensional nonstationary
problems are then reduced to ordinary differential equations, and two-dimensional ones, to equations in partial
derivatives with two self-similar variables. If in these equations the time is converted ast = x/U, where U is
the velocity at the channel inlet, then the relations obtained can be used to analyze flows over the starting
length of the channel (as in [1]), provided that the pressure gradient is described by the Heaviside function.
It should be noted that this kind of calculation method based on the symmetries of the process can be easily

extended to other kinds of nonstationary flows, as, e.g., Couette flows, free convective flows, etc.
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NOTATION

b, width of a channel in the z direction; h, width of a channel in the y direction; k, kinetic energy of
turbulence; p, pressure; r, ¢, z cylindrical coordinates; Ry and Ry, external and internal radii for the annular
channel, the radii of the convex and concave walls for the curvilinear channel; t, time; u, longitudinal velocity
component; X, coordinate along the flow; y, z, transverse coordinates; €, dissipation rate; v, kinematic viscos-
ity; Vs, total viscosity; p, density.
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