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Developed laminar flow and instability phenomena in a rotating channel with a square cross 
section were studied in [&]. For the turbulent regime measurements of the developed field of 
the longitudinal velocity component have been made for only one (central) plane [2]. Numeri- 
cal modeling of turbulent flow was carried out in [3, 4], but the turbulence model used is 
limited to low values of the rotation parameter. 

Below we present the results of measurement of the fields of averaged velocity andthe 
intensity of pulsations of the longitudinal component in flow through a square channel rotat- 
ing about a transverse axis. The effects of the direct action of the Coriolis force on the 
turbulence are analyzed on the basis of a well-known, semiempirical, second-order model. A num- 
ber of general features of the structure of turbulent flows through rectangular channels with 
a ratio of sides of the cross section on the order of one are discussed. 

i. Theoretical Analysis 

The variations of the characteristics of averaged and pulsation motions caused by rota- 
tion are due entirely to the Coriolis force for isothermal flows. Two main effects of its ac- 
tion are known [5]. The first of them consists in the additional turbulization or, conversely, 
stabilization of the flow. This effect is displayed in "pure" form in plane-parallel flows for 
which the plane is normal to the axis of rotation [6]. The second effect consists in the for- 
mation of secondary (transverse) flows with a considerable counterinfluence on the flow in the 
main direction. As a result, for sufficiently rapid rotation of the channel a core is isolated 
in the developed stream in which the flow characteristics vary little along ~he direction 
parallel to the axis of rotation. The core fills a large part of the channel cross section and 
can be considered approximately as a plane-parallel flow. 

Keeping in mind the necessity of analyzing experimental data, we consider a seraiempirical 
second-order model of turbulence in application to plane-parallel rotating flows. 

We write the general form of the exact equations of transfer of the components of the 
Reynolds stress tensor for quasisteady turbulent flow in the rotating Cartesian coordinate 
system xl, x2, xz: 

U,~O( u,uj) ]Ox~ = Pi j  -6 Gii -6 (Pi~ - -  Eij  - -  Dij .  (1.1) 

Here Pi ~- and Gi~. are terms expressing the generation of stresses due to deformations of the 
averaged J velocity field and the action of Coriolis forces: 

Plj =--(uiu,~) OU/Ox,~ --  ( ~u~> OUJOxn, 
G~j = 2O~p(eipq( ujuq) -6 ejpq( UiUq) ). ( 1 . 2 )  

We u s e  t h e  mode l  r e p r e s e n t a t i o n s  o f  [7] f o r  t h e  t e r m s  r e f l e c t i n g  t h e  i n t e r a c t i o n  o f  p r e s -  
s u r e  pulsations with the velocity field (~ij) and the viscosity effects (Eij) , 

2 6~Jk)--c~(P~J---~-8~J P ), 

, o r ;  , , 
P ij = -- <uiun> ~ -- <u)un> -~ , (I. 3) 
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where s is the rate of dissipation of the total turbulent kinetic energy k = <uiui>/2; ~ij is 
the unit tensor; ci and c2 are empirical constants. 

We assume that the velocity of the averaged plane-parallel flow is directed along the x3 
axis, so that UI = U2 = 0 and U~ = Us(xl). The flow plane is perpendicular to the axis of ro- 
tation and the angular-velocity vector has the components (0, m2, 0). The adopted assumptions 
entail the discarding of convective-transfer terms in the system (i.i). Neglecting diffusion 
effects (Dij) , we write the algebraic system (i.i) set up, with allowance for (1.2) and (1.3): 

e 2 [ dU 3 2 

(1.4) 

- + - k - _ + = o ,  

dUB e ' [ dU~ 
<u~> ~ - ~ - - -  2~% (<u~> - -  <u~>) + c I "-V <UlUa> - -  c2 <u~> ~, ~ - -  % )  = O, 

, k = + + 

Introducing the parameter S = ~2/(dUz/dxl) and the turbulence scale ~ = k3/2/e, from the sys- 

tem (1.4) we obtain 

(dv.~(i  + ~s + ~s~), (1.5) 
k czI 2 ~ dz 1 ] 

<u~> = k (a~ + biS), - -  <UlU3> = al/2k ( t  -{- ~S -4- ? 8 2 )  1/2, 

2(el -4- c 2 - - t )  2 (c l - -2c2  + 2 )  
al  = a2 = 3c 1 ' as 3c~ ' 

s' 

b~ = (12 - -  2c~)]3c~, b~ = - 2  cJ3c. ,  b~ = (4c~.-- i2)13c~,: 

a = a ! ( i  c~)/c~, ~ [b~(i - -  c~) @ a~(c~" 2) + 2 a a ] / [ a ~ ( i -  c~)], 

V = [b~(c~ - -  2) + 2b~]/[a~(t - -  c~)]. 

We analyze the influence of rotation on the components of the Reynolds stress tensor by 
taking dUa/dx~ and 5 as constant. The assumption that the turbulence scale is conserved is 
justified by the fact that the sizes of the energy-bearing vortices are determined mainly by 
geometrical factors. A similar analysis was made in [8, 9] using different closure models. 

We introduce the amount of turbulent energy in the nonrotating stream 

k~ = al~(dU:i/dzl)2 

and use it as the scale. In Fig. 1 we present the results of calculations by Eqs. (1.5) in 
which, as in [7], we took ci = 1.5 and c2 = 0.6. Curves 1-5 correspond to the dependence on 

S of the quantities k/ko, --<ulu3>/ko, <u~>/ko, <u~>/ko, and <u~>/~o. 

It is seen that the direct action of rotation on the turbulence is determined primarily 
by the sign of the parameter S. For S < 0 the intensity of the pulsations decreases sharply 
down to complete disappearance at S = S* =-0.069. It is important to note that for S < 0 the 
relative energy distribution over the components is approximately conserved, while <u~> = k. 
The influence of rotation proves to be more complicated for S > 0. At first the intensity of 
turbulent pulsations increases with an increase in S, with the largest increase being observed 
for the transverse pulsation <u~>. At S = 0.15 the quantities k and --<u~us> reach the maximum 
values, but the quantity <u~> continues to grow and at S = 0.2 it comprises almost half the 
total energy. With a further increase in S all the components of the PUlsation motion de- 
crease, and at S = S** = 0.373 they disappear entirely. Thus, the suppression of turbulence is 
also possible for S > 0, although a considerably higher rotation intensity is required in this 

case than for S < 0. 
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2. Experimental Setup 

Air flow was investigated in a channel with dimensions of 20 x 20 • 840 mm placed diame- 
trally between two disks. Air entered the channel from a microblower through seals, supply 
tubes, and a receiver. A honeycomb made of 64 thin-walled tubes 20 mm long and 2.5 mm in diame- 

ter was mounted at the entrance to the channel; the ends of the honeycomb were covered with 
metal grids. Air from the channel was fed to the cavity between the disks, confined on the 

outside by a continuous rim, and leaked out into the stationary medium through openings near 
the axis of rotation. A miniature wind tunnel was connected to the suction of the centrifugal 

blower, serving to calibrate the thermoanemometer sensors and measure the air flow rate while 
running the tests. 

A one-channel, constant-temperature thermoanemometer, placed on the rotating disks~ was 
used to measure the flow characteristics. The output signal of the thermoanemometer, the sup- 
ply voltages,and the control and monitoring signals were transmitted through a mercury current 
collector. The thermoanemometer sensor, with a body i.i ~m in diameter and a holder 6 am long, 
had a tungsten filament 5 pm in diameter and 1.0 mm long. 

The thermoanemometer signal was recorded and analyzed using a data-measurement complex 

based on a microcomputer. The experimental installation was built so that none of t]he electri- 
cal connecting lines between the thermoanemometer, the sensor, and the measurement complex 

were changed in the transition from calibration to running the tests. 

The error in maintaining and monitoring the operating parameters is estimated as • 

for the air flow rate through the channel and • for the angular velocity of rotation. The 
total relative error of the measurements (for a confidence coefficient of 0~ does not ex- 
ceed 4% for the averaged velocity and 12% for the intensity of pulsations of the longitudinal 
component. We note that the rms value of the voltage at the thermoanemometer output, connected 
with the velocity pulsations, exceeded the intrinsic noise of the contacts of the current 
collector by more than an order of magnitude in the frequency range from I0 to i0,000 Hz. 

3. Results of Measurements 

As the determining flow criteria we take the Reynolds number Re ~ ~ ' = 2Wmn/~ and the complex 
K = 2~h/Wm, the reciprocal of the Rossby number. Here h is the channel half-width, W m is the 
average flow-rate velocity, and w is the modulus of the angular velocity vector of rotation. 
We shall represent the results of the measurements in the coordinate system x, y, z (xl, x2, 

x3), the z axis of which is directed along the central line of the channel while the y axis 
is parallel to the axis of rotation. For the dimensionless values of the coordinates, normal- 
ized to h, we introduce the designations X, Y, Z (Fig. 2)~ 

The measurements were made for values of Re from 3000 to 9000 and of K from 0 to 0.2. The 
working cross section was located at a distance Z = 70 from the exist from the honeycomb, it 
has been established [i0] that at this distance from the entrance the stream can be considered 
as very close to developed, at least with respect to the averaged-velocity fields and the Rey- 
nolds stress tensor. 
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Special experiments carried out to determine the intensity of secondary flows showed that 
in all the investigated regimes the angle of deviation of the velocity vector from the channel 
axis did not exceed several degrees. An exception for K = 0(i0 -~) is a thin layer immediately 
adjacent to the wall on surfaces perpendicular to the axis of rotation. As a consequence of 

this, the results presented below were obtained with the sensor filament placed transverse to 
the direction of the main flow. 

In Fig. 2 we present the distribution of the averaged longitudinal velocity component 

in a channel cross section (~2 = --u~) obtained for Re = 9000 and K = 0.2. The symmetry of the 
flow relative to the plane Y = 0 allows us to confine the measurement to Y > O. 

It is seen that the velocity maximum is strongly shifted toward the wall running up 

against the stream (the side with an increased pressure, X = i). A core and thin shear layers 
on the surfaces perpendicular to the axis of rotation are distinguished in the stream. The lay- 
ers distinguished are classified as Ekman layers with the determining role of the components 
of the Coriolis force and the shearing stresses in the balance of forces. At X ~ 0 the W(Y) 
profiles have local maxima, most clearly expressed in the corner regions. A velocity field 

of this character is also observed in the laminar regime of motion [i]. 

In Figs. 3-5 we present the results of measuring ithe quantity ~ = (/~>/Wm) Ol02. The 
distributions of ~ along the central line Y = 0 for nine flow regimes are shown in Fig. 3: 
1-3) K = 0, 0.025, 0.2, Re = 9000; 4-6) K = 0, 0.025, 0.2, Re = 6000; 7-9) K = O, 0.025, 0.2, 

Re = 3000. 

The data obtained at Re = 3000, i.e., for the regime wltha transitional character of mo- 
tion in a nonrotating channel, clearly illustrate the destabilizing action of rotation in the 
region of the stream with S > O. Even a low rotation intensity (K = 0.025) causes sharp turb- 

ulization of flow in this region. 

With an increase in the rotation intensity the effect of suppression of turbulence ap- 
pears in the region with S < O, and even for K = 0.2 the size of the pulsations on the side 
with the decreased pressure falls to a low level for all values Of Re. The character of the 
variation of ~ as a function of K for several points of the central line Y = 0 is shown in 

Fig. 4 (Re = 9000, 1-4: X =--0.6, O, 0.6, 0.8). 

In Fig. 5 we present distributions of ~ along several lines parallel to the axis of ro- 

tation obtained for Re = 9000 (i, 3, 5, 7: K = 0.08; 2, 4, 6, 8: K = 0.2; dashed lines: K = 
0; i, 2; X = O; 3, 4: X = 0.6; 5, 6: X =--0.6; 7, 8: X =-0.97). It is seen that a tendency 
toward the establishment of a uniform distribution of ~ along lines of X = const with an in- 
crease in K is displayed in the core of the stream. This tendency is traced especially clear- 
ly in the region adjacent to the side with an increased pressure. The level of pulsations in 
the Ekman layers near the walls is considerably reduced, on the whole. For example, for K = 
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0.2 the intensity of pulsations along the line X = 0.6 hardly increases as the wall is ap- 
proached, which clearly indicates the absence of the generation of turbulence energy in the 
Ekman shear layer in this regime. A distinctive feature is observed, however, in the distribu- 
tion of pulsation intensity in the corner regions fo_rmed by the side with a decreased pressure 
(X = --I) and the walls perpendicular to the axis of rotation~ The velocity field (see Fig. 2) 

in this region at a certain distance from the surface has a layer with considerable gradients, 
in which the intense generation of turbulent energy evidently occurs. As a consequence, local 

maxima are also formed in the ~(Y) distribution (see Fig. 5, curves 7 and 8). 

The break in curves 2-4 in Fig. 4 at I/K = 7 attracts attention. In this connection we 
note that in an investigation [Ii] of turbulent flow through a slot channel extending along 
the axis of rotation the possibility of the formation of large-scale structures with a longi- 
tudinal orientation, classified as Taylor--G~rtler vortices, against the background of devel- 
oped turbulent motion at a suffieientiy high rotation intensity was established. Similar effects 
are observed in flows along concave surfaces [12]. In a statistical respect the large-scale 
structures which form occupy a definite position, adhering to the side with the increased pres- 
sure, and their counterinfluence on the main flow is displayed through the action of addition- 
al convective transfer with an alternating direction with respect to the wall. Thus, the break 
in the ~(I/K) dependences for X ~ 0 can be interpreted as the onset of the development of Tay- 
lor--GSrtler vortices. To clarify this question more fully we measured ~ in the transverse di- 

rection along the entire wall with an increased pressure in the immediate vicinity of the sur- 

face for Re = 9000 and K = 0.2 (Fig. 6, I: X = 0~ 2: X = 0.95; dashed line: K = 0, X = 

0.97). The thermoanemometer sensor was introduced through the wall X = --i. The two clearly 
expressed maxima in the ~(Y) profiles indicate the existence of two pairs of large-scale vor- 
tex structures~ The maxima in the ~ distribution are smoothed out with greater distance from 
from the wall. These ~(Y) profiles are somewhat asymmetrical relative to the point Y = O. 
Evidently, this is connected with the high sensitivity of a stream containing Taylor--GSrtler 
vortices to inaccuracies in the construction of the flow channel. We note that when large- 
scale structures of this type were absent from the stream (for I/K ~ 7) the degree of symme- 
try of the velocity fields and the quantity ~ relative to the plane Y = 0 was quite satisfac- 
tory~ 

4. Discussion 

The results obtained in the work show that a specific feature of the structure of devel- 
oped turbulent flow through a rapidly rotating rectangular channel consists primarily in the 
distinct division of the stream into several regions, characteristic for flows of a rotating 
fluid. Two of them are identical (by virtue of the flow symmetry) Ekman layers. They are in- 
teresting mainly because they make the main contribution to the total surface friction. In 
fact~ the results of measurements of pressure losses in rotating channels and pipes demonstrate 
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the protraction of the laminar--turbulent transition with an increase in angular velocity [13]. 
Here the critical values Re, of the Reynolds number are determined from the start of a sharp 
change in the character of the dependences of the drag coefficient on the stream criteria. 
From the results of [14], obtained for a channel with a square cross section, the effect of 
an increase in Re, can be determined quantitatively by the empirical formula 

Re, -- 7.10 ~ (K + 0.043). (4 .1)  

Substituting K = 0.2 into (4.1) yields Re, = 17,000, which far exceeds the value of Re = 
9000 for which the data in Fig. 5 are given. Consequently, the value of the drag coefficient 
for Re = 9000 and K = 0.2 indicates motion of a laminar character, whereas in the core of the 
stream, especially in the region of X > 0, the motion is clearly turbulent. These results can 
be brought into agreement if the flow in the Ekman layers is considered as laminarized in av- 
eraged characteristics and one recognizes their decisive contribution to the hydraulic drag. 
The absence of a noticeable generation of turbulent energy near the walls (see Fig. 5) supports 
this conclusion. We note that similar phenomena are displayed in the flow of an electrically 
conducting fluid through a channel in the presence of a transverse magnetic field [15]. 

Two other regions make up the core of the stream and differ from each other in the direc- 
tion of the direct action of the Coriolis force on the turbulence, with the section having a 
stabilizing action of rotation considerably exceeding in size the section where the opposite 
effect is displayed. The core as a whole can be characterized as a region in which the main 
velocity variation occurs in the direction perpendicular to the axis of rotation. Moreover, 
for K = 0(10 -I ) in the range of--0.7 ~ X E 0.2 both the conditions of plane-parallel flow and 
of uniformity of shear are approximately satisfied, i.e., the conditions adopted in the semi- 
empirical model of turbulence under consideration. It is interesting that in the dimension- 
less expression the shear depends weakly on K. On the basis of the experimental data it can 

be assigned the value 

I dW 
wmdx 0,5+_0. t , - -0 .7<~,X~,~,0 .2 ,  K = 0 ( t 0 - ~ ) .  (4.2) 

Comparing (4.2) with the locally determined (S) and the integral (K) parameters of rota- 

tion, we write the connection 

K = --(l.0 • 0.2)S. (4 .3)  

Substituting the value S* =--0.069 into (4.3), we find that in the indicated range of X 
complete suppression of turbulent pulsations predicted by the model sets in at K* = 0.06-0.08. 
The data in Fig. 4 (curves 1 and 2) show that the estimate obtained correctly establishes only 
the order of magnitude of K*; in the tests a sharp decrease in turbulence intensity sets in 

at values of K exceeding that determined by the model by two to three times. 

In a detailed analysis of velocity fields and pulsation characteristics we must not lose 
sight of convective transfer accomplished by secondary flow, since even at a relatively low 
level of transverse velocities their transfer action can be appreciable against the background 
of diffusion processes. In the stream core secondary flow causes a shift of the velocity max- 
imum toward the oncoming wall, while in the Ekman layers it results in dissimilar W(Y) pro- 
files in different cross sections X = const. With respect to the pulsation characteristics, 
convective transfer by secondary flow inhibits the appearance of effects of the direct action 
of the Corio!is force on turbulence, on the whole. At a relatively low rotation intensity, 
when the effect of suppression of turbulence in the region of S < 0 has not yet become deci- 
sive, the removal of turbulent energy from the boundary layers to the central part even leads 
to an increase in the level of ~ relative to the values in a stationary channel (see Fig. 3, 
curves 2, 5, and 8). It seems that the indicated discrepancy between the theoretical and 
experimental values of K* for the range of 4.7 ~ X ~ 0.2 is due mainly to neglect in the mod- 
el of the effects of the convective supply of turbulent energy from the region of --i ~ X 
0.7, in which the stabilizing action of the Coriolis force is displayed to a lesser degree due 

to the higher values of dW/dX. 
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NUMERICAL STUDY OF L~MINARIZATION EFFECTS IN TURBULENT BOUNDARY 

LAYERS OF ACCELERATED FLOWS 

V. G. Zubkov 
UDC 532~514~4 

io Introduction. In a number of experimental data from studies of turbulent flows with 
acceleration a substantial variation is noted in the characteritics of heat transfer and fric- 
tion from the corresponding values, obtained from the relations for turbulent flows [I, 2]. 
The larger the value of the flow acceleration, the more significant the deviation of the in- 
tegral characteristics of heat transfer and friction, as well as of the profiles of mean ve- 
locities and temperature from the universal relations for the turbulent flow regime toward 
dependences corresponding to the laminar regime. This effect became called laminarization of 
turbulent flows. 

It is possible to estimate the generation condition of laminarization within tlhe first 
approximation by means of the acceleration parameter K = (~/U~)dU /dx, characterizing the 
extent of flow acceleration~ It has been established that lowering of the heat transfer pa- 
rameters starts being noticed in flows with K > 2,10 -~. This parameter, however, does not al- 
low quantitative estimation of effects generated by laminarization. 

Account of the variation in the structure of turbulent flows under the action of accel- 
erated flow makes it possible to approach more correctly the projection of various construc- 
tions~ For example, for an external flow, when the gas flow between turbine blades and in 
supersonic nozzles an inverse flow transition can cause lowering of heat transfer between the 
heating gas flow and the construction surface. In heat transfer instruments, when the heat 
transfer intensity must be largest, a similar effect leads to undesirable results. This gen- 
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