ANALYSIS AND DESIGN OF THE MIXING CHAMBER IN
A FLAT EJECTOR

A, M, Arkhimov, M, A, Izyumov, UDC 533.,697.5
and D, M, Khzmalyan

An analysis is made of the laws which govern isothermal flow in the mixing zone of an ejec~
tion chamber with a longitudinal pressure gradient, The proposed method of calculations
has been verified experimentally,

Ejectors have found industrial applications, In order to design these devices, it is necessary to know
the processes occurring in them and to be able to make the requigite calculations, Several studies have
dealt with this problem [1-8] without considering, however, situations where the flow is supersonic or tran-
sonic, A review of these references shows two basic approaches to the design of a mixing chamber: by con-
sidering discrete sections and the use of gas-dynamic functions [1-3] or by counsidering continuous param-
eter variation on the basis of semiempirical data taken from the theory of turbulence [4-8], The second ap~
proach seems preferable when an evaluation of the mixing process over the entire length of the chamber is
required, The other approach was adopted mainly for the design of axially symmetrical ejectors with iso-
baric or quasiisobaric flow in the ejection zone. At the same time, many ejectors are designed so that the
mixing of streams in this zone will occur under a high longitudinal pressure gradient, In order to discover
the general laws and to develop a procedure for calculating such a flow mode, the authors have analyzed an
ejector shown schematically in Fig,1. The chamber dimensions, measured in nozzle diameters (bg = 4-10
mm), were varied as follows:-f)c = 3.1-9.2, [j = 6.8-17.0, Iy = 9-56, By = 2,9-9.4, &, = 0.18-0.45 at a con~
verging-channel angle @ = 0-12°, The initial velocities of the ejecting and the ejected stream were Uy = 20~
50 m/sec; Uy, = 10-15 m/sec, respectively with m, = Up/Ug = 0.15-0,6 and pyy = pgy.

The dynamic heads and the static pressures at the transverse sections of the chamber were measured
with Prandtl pneumometer tubes the diameter of which at the inlet end was 1 mm, The constancy of tem-
perature and the initial flow rates were checked by the readings of mercury thermometers and flow meters
which had been installed in the respective channels, In order to estimate the measurement error, the total
flow rate was checked against the total momentum at various sections of the mixing chamber, Discrepan~
cies in values did not exceed the permissible limits of 4-5%,

An analysis of the test data has revealed the hydrodynamic flow pattern in the ejection zone (x = Ee)
shown in Fig.1, The inner boundary of the mixing zone is represented by the line o—n. Depending on the
hydrodynamic parameter mg of an ejector and on the geometry of the mixing chamber, the boundary of the
mixing zone reaches the wall either behind section n—n (0~e) or before it (o~ ey, Accordingly, either flow
mode I or flow mode I will prevail,

The test data indicate an almost constant static pressure p(y) = const across the width of the chamber,
Outside the boundary layer of the stream {n—o—e) there remain regions of undisturbed flow, to which the
following relations, in terms of mean parameter values, apply at the said section:

p + 0.50U7% = p, - 0.50U%; (1)
p -+ 0.50U5 == p, + 0.50Uk,. (2)

The distribution of relative excess velocities within the boundary layer was found to be universal in
all tests and to follow known laws [6]:
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Fig.1. Geometry of the mixing chamber and schematic
representation of the flow.
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The rate of mass increase in the ejecting stream (Fig.2) can be described adequately well by the fol-
lowing equations:

G, = [1 4 0.0362(x — x.7)] Gy = 1Gyy ()
for the initial segment and =
G = 0.375Gy, VX — x_; — RGyy (®)

for the main segment, which confirms the conclusions in [9] concerning the univergality of the ejection
characteristics of jet streams, The value of x,; was determined by extrapolation of the empirical lines
yi= f(x) and Go-Gg =1 (x)Gm to intersection with the abscissa. In all tests x,; was found to be negative
(with respect to the nozzle throat as reference) and equal to 1,0-3.5 in absolute value, A comparison of
test data with results obtained by formulas has shown that the following equation will be satisfactory for
calculating X

Xy = (2 4 1.7Dy,) (1 4 2.36m,), 7

which differs from the equation given in [6] by the second factor, Equation (7) has been derived using the
expression for b) given in [9].

The reaction force P, of a straight converging channel on the stream, when the pressure variation
along the converging channel is almost parabolic (which was the case in most tests), can be approximated
sufficiently well by the relation:

K
P, = Slpdl( = 0.5 (K —K,) [p, — 0.333 (atm? — md)] pUt1b,, 8)
Ky
where
U, Uy, - 20 . R K. % K
a = ;om= —2; = K=— K,=-—%.
Uo1 U1 ’ PU?M bo ¢ o
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Fig.2, Change in the stream mass: 1) calculation
formula G¢ /Gy =1 + 0.0362(x—Xq4); 2) calculation
formula G,/Gg = 0.875VE—Xyq; 3) trend in the
change of mass in the ejecting stream near the
transition section. Test data: 4) my = 0.22, x4

= 1,9, pg ==0.075; 5) mg = 0.42, X,; =—2.2, Py

= 0.2; 6) mg = 0.555, Xgj = —1.7, pg = 0.415; 7) my
= 0.465, Xo; =—2.0, pp = 0.265; for 4-7) b, = 3.1,
14 =6.8,1 =56,B=2,9, 6w =0.18; 8) mp = 0,42,
Xoi = —3.5; po =—0.04, be = 8,22, K¢ =By = 9.4, 6w
= 0.18; 9) my = 0,195, Xo; = —1.2; po = 0.0, b,
=9.25; 4 =17, 1 = 22.5_{5(.0 =0.45; 10) mg = 0,195,
Xy =—1.2, pg =—0.052, i =17, I = 140; 6w = 0.45,
be = 9.25.

For practical calculations, especially when the initial segment ig shorter than 1;, we recommend the follow-
ing formula:

Py = 0.5(K —K,) [p, — 0.5 (a¥m?> — m3)] oUs:b,, )

which is not too inaccurate and which has been based on a linear pressure variation along the converging
channel — as was assumed in [2], Within the range of the geometries and the initial parameter values con-

sidered in this study, the magnitude of Pg did not exceed 30% of pU%by.

The flow formulas can be used as a basis for calculating the hydrodynamic parameters from given
initial conditions, In order to simplify the calculations, we will neglect friction and the boundary layer at
the wall, and also the variation in the density of the liguid due fo variations in the static pressure, The cal-

culations will be performed for a mode I flow, which is that most often encountered in the practical use of
ejectors,

Initial Segment & = §n)‘, For calculating the initial segment, we need, in addition to Eqs, (1) and 2),
also equations of constant flow rate and momentum in the chamber as well as the equation of mass change
in the ejecting stream:

Y1
Uy + Uggh, = Uy (by—b— 1) + _S‘Udy + Uy (K— by -+ 4); 10)
Yz
Y1
PoKo + 0Utty + pUSob, = oU (b, — b — 1) + p f Utdy + pUs (K — by -+ y,) + pK — P; (11)
Yz
Y1
Uy(by—b— 1) + | Udy = U, (12)
[y}
Y2

After conversion {o dimensionless form, with Eq, (3) and the values of the integrals taken into account, we
get from Eqs, (1), (2), (L0), (11), and (12):

po-+1=p-a% (13)

po -+ 15 = p + a*m?; (14)
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Fig. 3. Flow parameters along the mixing chamber in the initial and in
the main segment: calculated curve for y; (1), for p (2), for a @) (3), for

m (M) @), and for b(B) (5); x calc = 3,5, pcalc = ptest test characteristics
as in Fig,2,

Fig.4. Flow parameters in the initial segment (x = 6. 8) as a function of
mg; xcalc = -1.1,-1.3, -1.7, and -2.2 respectively for my = 0.2, 0.3, 0.4,
and 0, 5, pgalc test’ symbols as in Fig, 3; test characteristics as in Fig,
2.

1+ mybe = a(l —b—Tp,) + ab(0.55 -+ 0.45m) + am (K — 1 + p); (15)

L+ mihe + 0.5p,Ko = a* (1 —b— ) + a® (0.416 + 0.268m + 0.316m?) + a’m? (K — 1 + y) + 055K —B,;  (16)

a(1—b—"4,) + ab(0.55 + 0.45m) = r. (17)
Here
oy 2p e b - Y. 5 P
p= b= — =" Py=—F
UL, o BT s, T ke,
System (13)-(17) can be reduced to two equations with two unknowns (E, m):
5 r(1—m) + amK — 3G, . (18)
. 0.45am (1 —m) ’
F_._m IsTy — K [a® -+ 0.5 (py + mh — a?m?)] + P} + a (3G, —r) (1 —m?) ’ (19)

a?m (0.316m? -- 0.268m — 0.584)

Whlch admit a graphical solution, In Eqs, (18) and (19) we have: Zao =1+ m@c; E-io =1 +m%l'5c + 0.5§0T<0;
vV (1-m?%~(1-m$%). With b, m, and a known, the flow parameters y,, p, and U are determined from (13),
(15), (17), and (3),
Majn Segment 6—:11 =x Sze) . Here the system which includes the conditions of mass and momentum

conservation, the Bernoulli equation for the undisturbed zone of passive flow, and also the equations of
mass change in the ejecting stream can be written in dimensionless form as follows:

3Gy = AB(0.45 -+ 0.55M) -~ AM (K - B), (20)

3T, = A°B (0.316 + 0.268M -+ 0.416M?) +A*M* (K — B) + 0.50K —P,, @1
| ' Po -+ m5 = p + A*M, 22)
AB(0.45 -+ 0.55M) = R. (23)
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Here

Un = U
Py = 0.5(K—Ky) [Py — 0.5 (A42M2 — mj)].

(24)

Along segment _l.z, where dK/dx = 0, the magnitude of P is taken as equal to the reaction force at %

= ;. As a result of transforming 20)-(24), we obtain

R 22 (3G, —
0.45B K— E

o

R (25)

’

—C+ VC*—4DE (26)
2D ’

which contain the sought quantities A and TB, while in (26) and (24)

A=

0.268B (3G, — R) .

2
e D—03168; E— [27?——;3] (0.5K —0.5845)
o o 3G, — R
05K (0, -+ m) — 3T, — DBy AMI= [m}

Only the positive root in the solution to Eq. (26) for A is used, since the axial velocity cannot be negative.
The system of Eqgs. (25) and 26) is solved graphically, Then, M, p, and U are determined from (23), (22),
and ().

Considering that G, = Gy + G, from Eq, (6) we can find the coordinates of the flow section which
corresgponds to the end of the ejection zone:

Y - (27)

fe= 0141 T %ol

If the calculated width of the boundary layer at the section having coordinate xe at Uye = 0 remains smaller
than the channel width, then the assumed flow mode I prevails in the chamber. If Be is smaller than Bo,
then behind the section of coordinate x¢ backstreams of the liquid will appear. The physical condition for
precluding the occurrence of backstreams is that the mainstream retain its full ejection capability up to
the instant when it fills the entire chamber width,

The boundary between the initial and the main segment can be determined on the basis of the relations
given in [6] and [9] for the width and the inside boundary of the boundary layer during an isobaric flow of
mixed streams and considering that in the transition segment yy = 1:

1+ 2.36m, + e (28)
(3.1 + m,) 0.0362

X, =

In order to determine ;n more precisely, it is necessary to plot the equations 1—y, = f, &) and b = f;ﬁ—i)
from Eqgs. (13)-(19) and then to extrapolate the curves till they intersect,

Since only flow mode I is of interest in this study, we propose a method of approximately estimating
the existence limits for this mode of flow. The basis of this method is, as in [7], the stipulation that the
boundary layer reaches the geometrical axis and the walls of the ejector simultaneously, i.e., the condition

K = - (29)
Let us express §e according to Eq, (5), taking into account that G, =Gy + Gy,

— mo

*e= 0.6362

Equating the right-hand sides of (28) and (30), we obtain an expression relating the geometry and the hy-
drodynamic parameters of the ejector under condition (29):

+ xo1 (30)

5 14 2.36m,
¢ 3.1 —}—mo)mO'

81)
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If for a given m; (0.15 = my, = 0.6) EC is larger than according to Eq, (31), then flow mode I prevails in the
chamber; if it is smaller, then flow mode 1l prevails,

Since isobaric flow represents a special case in our problem, it is possible to obtain from these
equations the relation K =£,() which determines isobaric flow, From Egs, (13)-(17) we have for the initial
segment & = xn)

> 0,0362 (1 —my)?

K=Ko= 01 536my) * Ky —tgasor %2

If at given mjand -]50 the angle of the converging channel is @ > @jgq, then in the initial segment the veloci-
ties am, a increase while the pressure decreases. The converse holds for @ < @;4,. The longitudinal gra-
dients of the other flow parameters depend on the manner in which am and a vary. The condition of iso-
baric flow in the main segment (xn = X = Xg) is obtained from Eqs, (20)~23):

o sG,—R . c—/ @ —4de (33)
K= m, + 2d ’

where
c=1—m;(1—2I12R); d=0559m2 e=156R

Only the negative square root is used in kq, (33), since otherwise K > K and this is incompatible with the
condition of isobaric flow.

For illustration, experimental data and calculated distributions of the flow parameters along the x-
axis in the initial and in the main segment of the ejector are shown in Fig,3. Experimental and theoretical
values of the flow parameters for the initial segment at a fixed distance X are shown in Fig.4, The agree-
ment between calculated and tested results in both Fig.3 and Fig,4 may be considered close enough,
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