NOTATION

z, 1, 0, axial, radial, and tangential coordinates; ry, pipe radius, vy, vy, Vg,time-averaged components
of velocity; V'Z, v'r, V'@, corresponding fluctuation components of velocity; v, coefficient of kinematic viscosity;
NRe = VmFo/V, Reynolds number; vy, mean-discharge velocity; L, pipe length, @, angle between the velocity
vector and direction 85 Vei =v + 1; V,, dynamic velocity.
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EFFECT OF MASS FORCES ON PARTICLE MOTION
IN A LAMINAR SUBLAYER OF TURBULENT FLOW
IN RECTILINEAR CHANNELS WITH VARIOUS
SPATIAL ORIENTATIONS

Yu. M., Grishin and A, A. Mosin UDC 532.517

Based on solutions of the equations of motion, features of motion of a liquid particle are analyzed
for a laminar sublayer of turbulent flow in channels with varying spatial orientations.

It is well known [1] that in solving the problem of particle precipitation at channel walls in a turbulent
gas flow, the transverse particle motion is advisably considered separately in the flow bulk and in a narrow
boundary layer with a large velocity gradient — the laminar sublayer. In the bulk fiow the particle motion is
uniquely determined by the action of turbulent flow pulsations on the particles [2] and obeys the laws of turbu-
lent diffusion. In the boundary-layer region the effect of diffusion particle motion is weakened in comparison
with systematic effects (due to fundamental forces). In this case it was shown [3] that particle precipitation at
the channel walls is primarily determined by particle trajectories in the laminar sublayer, Despite the large
number of papers devoted to calculating particle trajectories in the laminar sublayer (see, e.g., [4]), the
problem of the effect of mass forces (weight forces), taking into account their interactions with forces gener-
ated in the fluid itself, on trajectories of particle motion in channels with varying spatial orientations has so
far not been sufficiently investigated.

In this connection we consider the problem of motion of nondeformed particles of spherical shape in a
laminar sublayer of an evolving turbulent flow moving in a rectilinear channel. We assume that the basic
parameters of the boundary layer are independent of the channel orientation in space, do not vary along the
channel (stable flow), and are determined by the well-known semiempirical relations [5]
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IID = 25Rezy’S, Wo= —VD~ RS, W) =W, % : (1)

where Reav = UaVD/V-

We will further assume that the gas — particle system, i.e,, the vapor —fluid drop, is a "dilute" system
(6], i.e., a/l <1, a/Rg <« 1. In this case it can be assumed in first approximation that the velocity profile
of the main flow is not deformed and that particles move without collisions [6]. Besides, it is assumed that
Vyel/V < 1/a.

Taking into account the approximations made, the equation of motion of an isolated particle under the
action of Stokes, Magnus, Archimedes, and weight forces on it is [7]

dv 9 v o 3 VW
Ei.:g(l~u)-——2—%—(12— (V— W) 4 3 %8 X ( ) (2)

where .ﬂ = curl W,

Introducing as characteristics the following quantities: the velocity W, the linear dimension I, and time
™ = 1/W,, we rewrite Eq. (2) in dimensionless form [further, beyond Eq. (3), the sign ~ is omitted over the
dimensionless quantities]

dif % - = 3 d‘ﬁ - Y
Ak S A ®

- - - - . N ! 2 2
where V= ViW,; W — WIW,: T = t/t*; §=uyll; ¥=x/l; o = (1 — »)/Fr; Fr= Wilgl; Re = _9% Wo! (\%) _ 50 <€_) ,
v

The initial conditions to (3) are:
dx dy
1=0; x=0 =], — =d; 2L =-—m.
y dt dt 4)
The minus sign in front of m denotes that the variant is studied, in which the particle velocity at the initial
moment of time is directed toward the wall of the channel,

Depending on the direction of the vector e = g/g, we distinguish the following two cases of channel orien-
tation (Fig. 1): a) e = e, a horizontal channel, with the plus sign at e, corresponding to the precipitation
problem at the upper channel wall, and the minus sign to the lower wall; b) e = #e,, a vertical channel, with
the plus sign corresponding to the precipitation problem for a downflow, and the minus sign for an upflow. The
case @ = 0 corresponds to the precipitation problem at the channel wall in the absence of weight, For both
cases mentioned the projections of Eq. (3) on the coordinate axes 0x and 0y form a system of two second-order
linear differential equations in the two unknown particle coordinates x and y, The solution of this system with
the initial conditions (4) is obvious, but is not given here due to its awkwardness.

We first clarify the features of particle motion in the channel for the case a = 0, i.e,, when there are
no gravity forces. Depending on the value of Re ~ (a/l)? we have the following two characteristic regions of
particle motion in the flow:

1. Re <Regy = A/(—’g— -+ I/% -J- —g— % (d»—— % x) ), the particle is not incident on the channel wall,

moving in the sublayer parallel to the wall at a distance y =y, from it with flow velocity Vx = W(y = yw)
(Fig. 2a), with

}& Fig. 1, Statement of the problem:
‘—I—~ e, 1)channelwall; 2)external boundary

of laminar sublayer; 3) turbulent
j flow core.
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Fig. 2. Particle trajectories in the sublayer: a) horizontal chan-
nel [0 =0; n=6:10"*(P=1atm); m =0.2; d=11: 1) ®/Re >6-
1071 2) 6-107Y 3) 6:107% 4) 6-1073; b) departure of particles
from sublayer in a vertical channel with upflow motion {m = 0,2,
For trajectories 1,2, 3) a = -322; d=0.6; 4,5 32.2; 1]: 1)
®/Re = 5,0; 2) 50; 3) 0.5; 4) 5.0; 5) 0.5,
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2. Re > Regy, the particle settles at the channel wall during a flow time 7,(m, d, ®/Re) at some dis-
tance x¢(m, d, n/Re) from the entrance to the sublayer (Fig. 2a).

The dependence of Recp = 50 ( 2

5 T)H = f(m, d, ») on pressure P is presented in Fig. 3 in coordinates
/ Cr
of Recy, since n = ®(P) (the values of the vapor and fluid densities are taken from the saturation lines) for
P €1, Py = 226 atm] and for various values of m and d = 1. I is seen from the figure, in particular, that
with increasing pressure large-size particles [with (a/1) > (a/0)qy] will settle at the channel walls under other-
wise equal conditions, while for decreasing transverse component of particle velocity this tendency is en-
hanced. It must be noted, however, that with increasing pressure P the value of the transverse particle veloc-
ity (averaged over a distribution) at the entrance to the laminar sublayer is enhanced [2], and, consequently,
the effect of decreasing precipitation intensity with increasing pressure is weakened. At first pressures (% =
const) the quantity y., depends on Re and on the initial particle velocities m and d. With increasing Re (i.e.,
with increasing particle size a at I = const) the y, value drops from 1 (Re = 0) to 0 at Re = Regy. For small
values m « (3/8)(n/Re) the quantity y« is near 1, and is generally weakly dependent on any parameters., With
increasing m, y. decreases. An increase in the longitudinal component of the initial particle velocity leads
formally to lower values of the coordinate y., but for characteristic variation regions of Re, ®, and m this
effect is of little importance.

For Re > Regp the particle settles on the channel wall during some time 7 at a distance x¢ from the
entrance to the sublayer. For small pressure (close to atmospheric), i.e. for small ®, in this case there is an
"inertial" regime of particle movement in the sublayer, i.e., the particle practically moves in arectilinear trajec~
tory, retaining until collisions the values Vx and Vy of the velocity components near the initial d and m, respectively.
Inthis case o =~ 1/mandx¢c =~ d/m. With increasing pressure and for Re near Recy the effect of forces at the side of
the flow is enhanced, which is manifested in the bending of the particle trajectory, in the dependence of Vy and Vy
on the particle position in the flow, etec. For small values of the initial particle velocity in the transverse

Regr

———

2

Fig. 3. Regr as a function of pres-
2 sure P, atm [for the dependences
// 1,2,3ym=0; 4,5)1]: 1)d=0,6;

/7 2y 1; 3) 1.4; 4) 0.6; 5) 1.4,
=

!
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direction m < 0.2, the value of the longitudinal velocity component at the initial moment of time d has a signifi-
cant effect on the quantity 7., while for increasing d, 7, decreases. Thus, e.g., for ®» = 0,344 (P = 200 atm)}
and a/l = 0.4, T¢ decreases by an order of magnitude when d changes from 0.6 to 1.4. For larger values m >
0.6 the dependence To(d) weakens. This effect is related to the significant influence of the Magnus force Fpy ™~
(@ - 1) [see Eq. (3)]. Since the result of force action is determined by its moment ~Fy;7,, and 7, depends
significantly on m and increases with decreasing m, for small m values the moment of ¥y is large. Ford >1
the particle is accelerated by the Magnus force, and for d < 1 it is slowed down. We note that for otherwise
equal conditions a decrease in Re leads to an increase in 7.

The particle equations of motion in a laminar sublayer with account of the action of weight forces were
analyzed numerically by computer, with the quantity ¢/! acquiring five values in the range 1.4 - (10 L1079,
n(P) acquired the values 6-107% (P = 1 atm), 5.01:10"2 (P = 70 atm), 0.344 (P = 200 atm), and each % value
corresponded to a triplet of a values (in absolute value):

»=26.10"% o« =0.172; 1.72; 8.6;
% =75.01-10"% a =32.2; 3.22.10% 1.61.103
% ==0.344; a=2.33-10% 2.33.10% 1.16.10%

For fixed » (implying fixed pressure and saturation temperature) an increase in o« implies a decrease in the
average vapor flow velocities (Regy) in the tube.

We turn now to results of analyzing features of particle motion in a horizontal channel with account of
gravity forces.,

Precipitation at the Lower Channel Wall. For an initial particle velocity directed toward the wall it
always settles at the channel wall, For fixed pressure in the channel the qualitative effect of the basic param-
eters is the following: with increasing Re ~ (a/)? (i.e., with increasing particle size) the particle stay period
in the sublayer is shortened (Fig. 4); an increase in the main flow velocity (a decrease in a) leads to an in-
crease in 7., which is particularly strongly manifested for small Re; the effect of the initial particle velocity
along the flow d is unimportant for 7, and is a finite particle velocity (for collisions with the wall) in the y
direction Vy¢, but under certain conditions (Re > Recy) there is a finite particle velocity in the x direction
Vxes Which increases with d. The final value of the particle coordinate x¢is determined as a funciion of T¢
and d, while with increasing d, x¢ increases monotonically, The effect of m and P is discussed below., Anal-
ysis of the results of numerical calculations and of analytic solutions of Eq. (3) shows that depending on the
variation region of parameters, the particle can move in two different regimes.

1. The "Drift" Regime. The particle moves toward the channel wall practically in the whole portion
{except the initial one) with a constant velocity in the transverse direction U}&r’

Ir™ ReFr '«

h 1 1—x{9 3 1}*‘
{64 8  Re| (5)

K

The longitudinal particle velocity follows the main flow velocity. As follows from Eq. (5), U}&r is independent
of the initial particle velocity, but is a function Uy, = Ugr (Re, Fr, P). Necessary conditions of presence of a
drift regime are: B = (®/Re)?+ (3n/8)% - 3n/8 >0, (®/Re) > @ + mV(31/) ({1 — 3%/8), andthe larger the value
of ®/Re lcorresponding to smaller Re ~ (a/I)? at fixed Pl the better they are satisfied, sothat (/Re}?> (31/8) —
(3%/8)%, and, congsequently, for most interesting cases Eq, (5) can be represented in the form (W< 1)

o r—
Ufilr2 X - gl/_D C32/8 Fy(P), )
Frx 5 Uay

8T _I Fig. 4. Dependence of 7o on o= %/Re

21 A for precipitation at lower wall of hori-

Y Ve / zontal channel [the continuous line is an

P A approximate calculation by Egs. (5)-(7);

o / the dotted line is the calculation by Eq.

T, Y (3M: 1) 7, =VT = 0703 2) /U4
T 1 % D "free-fall" region; II) transition region;
g I tdrift,»
1o VAT L
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where F ((P) = 1/(P)v*/3(P)], The calculated F(P) for the vapor — water system at the saturation line is a
decreasing monotonic function for increasing pressure P. Consequently, with increasing P the drift velocity
Ugr decreases [Ugr(P = 1)/Udr(P = 226 atm)=~ 6], The effect of the remaining parameters on Ugr is easily
seen from Eq. (6). We only note the quite strong dependence of Udr on the particle size Ugr ~ a’ and the very
weak effect of the steam pipe diameter Ugr &D.

2. The "free-fall" regime is characterized by a strong influence on the trajectory of particle motion
due to gravity with very insignificant effect of flow forces. This regime is realized for sufficiently large par-
ticle sizes a (in comparison with the sublayer width I). A necessary condition for the existence of this regime
is B < 0. The particle velocity in the flow and the time up to collisions with the channel wall are quite accu-
rately described by Eq. (3), in which, considering only the first term in the right-hand side of ae:

Ve=d, Vy=—m—an,
m ./ m 2
tex—— ] g Yelm= (14 20my' M

Comparison of results of calculations by Eq. (7) with exact calculations by Eq. (3) is satisfactory. The effect
of separate system parameters in this motion regime is seen from Eq, (7). Here we note the fact that for suf-
ficiently large-scale particles, for which the existence condition of this regime is realized, the particle size
and pressure in the system have small effect on the trajectory and on other parameters.

Figure 4 shows comparison of dependences of T on ®/Re for P = 70 atm, constructed by Eq. (3) and by
means of the approximate relations (5), (7). Satisfactory agreement of the constructed curves in the regions
of parameter values ®/Re, corresponding to the regimes of "free-fall" and "drift" of particle motion, is
easily seen. A transition region is found between these regions, in which the particle motion cannot be de-
scribed by any of the suggested approximations, and it is necessary to use the rigorous solution of Eq. (3).

Precipitation at the Channel Top Wall. Cne of the main features of liquid particle precipitation in a
vapor flow in thermodynamic equilibrium at the channel top wall is the difficulty in its advance toward the
wall due to gravity and drag forces. From the whole variation region of basic parameters, for which numeri-
cal analysis of solutions of Eq. (3) was performed, particle precipitation at the channel wall occurs only for

=0.172 and % = 6+107% (P = 1 atm), m > 0.6 for certain values of n/Re, smaller than some critical value
(/Re)or which is a function of %, @, m. If the system parameters are such that (®/Re) > (®/Re)¢y, the par-
ticle is not incident at the channel wall and leaves the sublayer at some time 7o(m, ®/Re), while 7¢ decreases
with decreasing m and increasing ®/Re, i.e., the particle stay period in the sublayer is shortened with de-
creasing initial particle velocity in the transverse direction, with increasing pressure in the system, and de-
creasing particle size. One cannot establish an analytic dependence of (/Re)cy on the basic system param-
eters starting from the solution of Eq. (3), since it is necessary to obtain the solution of a corresponding
transcendental equation. Using results of numerical calculations, one notes two limiting regions of basic
parameter changes, for which the particle certainly reaches the channel wall and leaves the sublayer. The
first case occurs for 8§ = 0, when o = m2/2, while the second is realized for g > 0 and

>{pen i et (5] |50

Taking into account the remarks made above, we note the substantial nonuniformity of particle precipi-
tation intensity along the channel perimeter in a horizontally placed channel, which may be the reason for an
anisotropic distribution of a liquid-phase film at the channel wall in the presence of a dispersed-ring flow
region of the vapor — liquid system in it.

We now consider particle motion in a vertical channel with account of gravity forces on the system,
while we distinguish between down- and upflow.

Particle Precipitation for Downflow. The given case is characterized as follows: for the whole varia-
tion region of basic parameters considered the particle settles at the channel wall, which is related to Magnus
force action, which is transversally directed due to the accelerating action in the x direction by the particle
gravity force, directed toward the channel wall (this leads to the fact that the particle moves faster than the
vapor flow for d > 1 during the whole time, and for d < 1 after some initial time interval). We mention some
basic features of precipitation, For fixed pressure in the system a decrease in Re ~ ‘(a/1)? leads to an in-
crease in the particle stay time in the flow T, an increase in the parameter o under otherwise equal condi-
tions has a very small effect on 7 for large values of ®/Re larger than some critical value, and stronger
(toward shortening 7,) for small n/Re. TFor fixed Re an increase in pressure P and related parameters
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{temperature, vapor viscosity, etc,) leads to shortening of the particle stay time in the sublayer, while this
dependence is very strong for small values of ®/Re, It must be noted that with increasing pressure the par-
ticle velocity is enhanced at large Re and significantly exceeds the main flow velocity, which, according to
Eq. (3), leads to a sharp increase in the Magnus force directed toward the channel wall, The Stokes drag
force has no practical effect, Since the expression for the Stokes force, used in Eq. (3), is valid for the case
of small relative flow and particle velocities, Vye]max/? < 1/ [or Vyel max < 1/(5¥Re)]. In the cases men-
tioned this condition is violated and the results, rigorously speaking, are incorrect for quantitative estimates
of 7, and other quantities.

Analysis of the results obtained shows that the whole set of possible particle motions in the downflow
sublayer can be developed for two characteristic motion regimes. The realization criterion of one or another
regime is the magnitude of the parameter ®/Re. If (n/Re) > (n/Re)cr, after some time interval the particle
starts moving toward the channel wall with a constant velocity U§; in the transverse direction

o _ 3
dr 8 B .
The particle velocity U?lr and the precipitation time 7, are practically independent of the initial values of the
particle velocity,

For (/Re) < (%/Re)cr we have a regime of "inertia" precipitation, when the value of the initial par-
ticle velocity practically does not change.

As shown by analysis, in first approximation the quantity (®/Re)qy coincides with the value of (w/Re)cp
for the case of absence of gravity, so that for Re < Recr we have the "drift" regime of particle motion. Taking
into account for most cases f = (»/Re)?, as well as using Egs. (1), (3), we write for U&r

o 3 a 7/8
Uy = W*?‘/DTUW Fy (P, {8)

where Fo(P) = 1/[n(P)vB3/3(p)],

The effect of separate parameters of the system on the particle velocity in the transverse direction and
on T = 1/U31r is seen from Eq. (8). The function F4(P) increases with pressure, so that with increasing pres-
sure Uglr increases, 7, is shortened, and, consequently, the precipitation conditions improve, We note the
important effect of particle size and of the main flow velocity on the precipitation rate.

For (n/Re) < (n/Re) . the basic features of the case o = 0 are retained.

Particle Precipitation for Upflow. For this case of motion the result of acting forces is such that the
particle can reach the channel wall only under certain conditions. As in the previous cases, the criterion
separating these two variants is the quantity Regy. If Re < Regy the particle leaves the sublayer under the
action of Magnus forces. If Re > Recy the particle reaches the channel walls.

The nature of particle emergence from the sublayer at Re < Regy can differ, This difference consists
of the following (Fig. 2b): either the particle, moving with almost constant velocity in the x direction in the
flow, drifts with a constant velocity in the transverse direction to the exit from the sublayer, or at some point
it turns around and moves toward the flow under the action of gravity forces, leaving the sublayer at a point
found at some distance above the flow, away from the particle exit in the sublayer.

When the particle settles at the channel wall (Re > Recy), its precipitation time 7, depends strongly on
the magnitude of the initial particle velocity in the transverse direction and decreases with increase of the
latter. The value of the initial particle velocity in the longitudinal direction has a weak effect on 7¢ in the
parameter region considered. The quantity o affects 7, insignificantly, but considerably affects the coordi-
nate of the particle precipitation point xs. Thus, e.g., for o = -1,72 (P = 1 atm) Xe < 0, while for = —0,172
(P =1 atm) x¢ > 0.

NOTATION

X, ¥,z, Cartesian coordinates; e, i, j, k, unit vectors; [, layer thickness; W, flow velocity at the
upper boundary of the laminar sublayer; W{y), flow velocity distribution over the sublayer thickness; D,
equivalent channel diameter; v, kinematic vapor viscosity; Uay, average flow rate of the turbulent flow;

Re, Reynolds numbers; @, particle radius; Rg, interparticle distance; Vye], particle velocity relative to
the gas; V, particle velocity; %, vapor to liquid particle density ratio; g, gravity force vector; t and 7*, flow
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and characteristic times; m and d, dimensionless longitudinal and transverse particle velocities; P, pres-
sure; Fp1, Magnus force; Fr, Froude number; Ugy, particle drift velocity; o and B, dimensionless param-
eters,
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NONSTEADY HOT-FILAMENT METHGOD USING AN RC
OSCILLATOR TO INVESTIGATE HEAT EXCHANGE IN
RAREFIED GASES

Yu. G. Semenov, B. A. Kalinin, UDC 536.2,083
S. F. Borisov, and P. E. Suetin

A device which realizes the nonsteady hot-filament method using an RC oscillator is discussed,
along with the results of its testing in the measurement of the thermal conductivity of the gases
Ar, N,, and CO, and their mixtures under standard conditions.,

The experimental investigation of heat exchange in rarefied gases in the presence of solid surfaces has
acquired ever greater importance in recent years. The complex physicochemical processes taking place at
the gas — solid boundary have a considerable effect on processes of heat transfer in gaseous media, requiring
the introduction into heat-conduction theory of the concepts of a temperature jump and of coefficients of energy
accommodation [1], This imposes higher demands on the experimental technique also. The effort to satisfy
these demands led us to the creation of a device based on the nonsteady hot-filament method using an RC oscil-
lator as the recorder of the filament temperature.,

A whole series of methods exist which permit one to investigate the thermophysical properties of a
gaseous medium with a high degree of accuracy. The steady-state research methods have obtained the greatest
development, Devices based on these methods possess a high measurement accuracy, but they have a number
of fundamental drawbacks reducing the value and reliability of the results obtained. First of all one must note
the presence of a constant temperature drop in the investigated gases, which leads to such undesirable phenom-
ena as convection and thermodiffusion. The large value of this drop, reaching tens of degrees, hinders the
one-to-one correlation between the results obtained and the temperature of the investigated gas, The time con-
sumed in performing the measurements is long.

Devices based on nonsteady methods have not obtained wide application because of their low accuracy,
which is due mainly to the difficulty in the recording of a rapidly varying temperature. All the same, non-
steady devices allow one to avoid the indicated defects of steady-state devices, and they considerably simplify
and speed up the measurement process.

To increase the accuracy of nonsteady devices we used a high-frequency RC oscillator as the temperature
recorder. A circuit diagram of the device is shown in Fig, 1. The electronic circuit built on the transistors
T, and T, together with the detector D form an RC oscillator whose negative feedback circuit is frequency-set-
ting and is built in the form of a 2T bridge.
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