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EXPERIMENTAL INVESTIGATION OF HEAT TRANSFER
AND CRITICAL THERMAL LOADS IN BOILING WATER
""DER CONDITIONS OF FREE MOVEMENT

V.S. Colovin, B.A. Kol'chugin, and D.A.
Labuntsov, Power Institute imeni G.M.
Krzhizhanovskly, MNoscow

The results zre given of an

investication of heat transfer and
eriticsl thersal loads in boiling
water under conditions of free

movenent. Tests were conducted
. on horizontal silver pipes with an

. : external dizmeter of 5 mm over a

range of pressure chanzes of from 10

to aOOO neca”

Despite its.ursency and practical significance,
heat transfer in ths boiling of water uncer conditions
*oh~free rovement has been studied insufficiently,
espec1~lly in the area of high pressures. Only a
Tew experlmcnt:l investipations are known which are

\ devotéd to this question /1,2/. There is also only
a limitea number of works devoted to critical thermal
loads while boiling water in a lérge volume. There is
only one investization in the range of pressure changes
of from 10 to 2000 mecm 2 /3.

This work has the purpose of expandinz and
30ding £y thz already szveilable material; however,
~rest attention has been devoted to the accuracy of
m2asurerents and to the cleanliness of the surface
being investizated.
| The experimentsl unit was made in the form of




a2 verticsl cylimdrical vessel in which the testing
section was laid horizontally. An outlet condenser
was welde& to the urper surface of the bottom of tﬁe
vessel, All elements of the test unit were nade of
stainless steel,

The testing section was a tube about 150 mm
long and 5-4 mm in diameter. The tube was made of
99.9%: silver.

A thermal load on the tube was created by a
low voltage alternating current. The current in the
circuit was measufed.by ar astatic ammeter of the '
0.5 class which was connected to a measuring trans-

former of a current of the same class, The voltage drop '
in the tube of the testin~ section was measured by
a 0.5 class A.C. voltmeter . ‘ | .

The temperature inside the tube was measured
with a platinum resistance thermometer of special
construction., The thermometer was connected into the
neasuring circuit with a low-resistance D,C. potentio-
meter., The graduation of the thermometer was accom-
plished by the All-Union Scientific Research Institute
of the Committee of Standards, Measures, and Measuring
Instruments. The error of the thermometer .does not
exceed 0,04 degrees K. ‘ .

Before assembling the unit, the tube of the !
testing section was cleaned with fine-érained emery - |
cloth and was polished with a paste from the 3tate D
Optical Institute /4/. After asserbly salt-free water
was poured’ into the unit and its deaeration was
accomplished by boiling at atmqspheric pressure, In
[grder to eliminate oxygen completely from the water, _J
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hydrazine (N2H4) was added to it and the unit was
sealed, The salt content of the water which was added
did not exceed 0.7 g-m'5 of NaCl,

After the pressure in the unit reachea the
agsigned value, thé readinzg was set on vhe master
manometer and for a specific thermal load q = O the
temperature inside the tube was measured; under these
conditions the temperature corresponded to the sat-
uration temperature (Ts, oK). Then & certain thermal
load was set on ith2 test tuvbe znu reasurements were
made of the voltaze drop in it, the curreant strensgth,
ana the temperature inside the tube. In «wdoing this the
pressure in the unit was kept constant; this was
checked by the constancy ol the readings of the
ranometer which performed the role of a sensitive
indicator, It should be noted that the ¢iverzences
in the values of the saturation temperature in one
series of tests at the same manometer readins «id not
exceed the measurement error of the thermometer.

Upon completion of a series of tests the pressure in
the unit was lowered to atmospheric pressure. After
this samples of water were selected for chemical
sanalysis., Then the workins section was removed from
the unit for examination.

The coefficient of heat transfer was calculsted
sccording to the formula

1

a=

T—3T, T,




The ewplovm=nt of a platlnum resistance
thermonmeter and 31lver ‘as the material of the test
tube made it possible to obtain sufficiently high
accuracy in measuring the coefficient of heat transfer.,
Thus the average quadratic error does not exceed
14% even under the most unfavorable conditions
(pressure of 2000 n+cm d, small thermal loads).

Numerous effective tests of heat transfer have
shown that with no single material (copper,silver,
nickel-plated copper) at a pressure over 98 necm”
is it possible to obtain a clean tube surface if steps
are not taken to remove completely the oxyzen which is
diséolved in the water. During the conduct of the
‘test the surface is covered with a loose black-colored

. coating of the oxides of the metals with which the

water comes in contact during the test, )
The dsta on heat transfer which is obtained for
such a surface is very unstable. iith the same SpGlelc
thermal loads the values of the heat transfer coeffi-
clents which are obtained when conducting the test
in the direction of increasing the thermal load are
lower than the values which are obtained when conducting
the test in the opposite direction, For smull specific

thermal loads (q = lolO5 watts.meters” ) the aivergences -

in the values of the heat transfer coefficients can
reach 300%. Ii during operation on the upgper branch
of the curve « ={f(q) the load is mom°ntar11v

lowered to zero and then returned to the pravious
value, the value of the heat transfer coefficient will
correspond to the level of the lower branch of the

Lgurve (Figure 1). As can be seen from the "raph such _J
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data cannot be considered as b2ing satisfactory.

Fizure 1 also cortains test points from work /1/.

A comparison of them makes it possible to presume that
the upward swinv of the points as indicated in work
/2], especially when q> 0.5-106 and for high pressures,
apparently is explained by the considerable contamination
of ‘the surface of the tube. |

Figure 1, Test dsta on coefficients of heatl
transfer,

1 == our duta when p = 725 mrem™2; 2 -- data

/2] when p = 730 p-cm'z; the solid line

corresponds to the data for a clean silver

surface. "




b

In order to prevent the accunulation of oxides
and to obtain & practically clean surface, hydrazine
was added to the water (5-7 g.m )

' N, Hy, + 0, = £H20_+ N5

It is significant that only water and nitrogen
result from the reaction. Therefore, the employment
of small coses of hydrazine should not have significant
influence on the data on heat transfer. As a check
B series of tests was conducted in which the amount

of hydrazine which wes used was five times greater
than normals; however, the dsta on heat transfer
remained practically the sane, _

In conductins ‘the tests while enployingz hydra-
zine the occurrence of pretreatment of the surzace
pecame noticeable, The tests showed that stable and
raproducible data on heat transfer are obtained only
after about one hour of operation of the heating
surface under a high thermal load. Thus the employ-
ment of hydrazine and the pretreatment of the surface
made it possible to obtain reliable; fepetitive re-
sults on heat transfer for all ranges of change of
thermal load and pressure.

The results of the tests are given in the table
below; the remsrks give a short description of the
surfaces after the tests. The salt content of the
water after the tests was in the range of 3,6-7.0
p;-m"3 of NaCl,




Table

Results of tests on heat exchange

g10-¢ | AT g-10-¢ { AT g10=¢ | AT | ¢10-9 l AT
I Onom % 43 0,45 1 17,30 Ca7s | 12,00 ! Tye361,37°K
Te:5°2,21°K 0,244 13900 || 02 472 0 500
- 0123 | 10,00 g
:l2.23 ?.}? 0,356 16.l3 T:=372.98°K * .
18 )
0.47 4,62 1,01 24,79 1.,

8,%-91; 3,3 ' Onom N 44 (g.ggg :gl% A v lokdd
[ ' Qo (. t .":- - Q
036 | 65 T,=382,29°K 02z | 130 T‘796°8'°75 ﬁ
4 . 0,1 10,5 ' 3
144 7,00 3{,2] §§§ 0313 | 1513 || 0.182 | 2,03
T,=507,5°K || S22 | 2.8 T,=623,44'K

' % 55 1,35 3,24
Qa2 | 38l resrgwk | VOmm R 0,379 | 2.14
L6 (11,05 || 948 | 1255 || Te=58137°K Sop | 1T
0,60 8,59 0.84 911 0'7; 2'49
A dE 1RSI RTEE]
0,383 | 6.72 Bie ggg 0,365 3,46 || T,=608,07°K
T, =456,21° K ' O 23 om0 | 2.4
1 ] - 9 . - *
163 [ 18,27 Tym40.32°K T,=607.76'K
21 | 1600 1,59 17,52 on |t Onem e 57
0641 | 1423 | 085 | w460 | 1B ) 1.8
0353 | 11.54 0,493 | 12,28 ' 209 1 1 =637,65°K
0142 | 786 || one | g5 | IS | ) ST
0,950 | 10,04 0,281 9.87 :;; 45{3 8:?&'; i gg
TEMRACR (] Ttk el 175 | 504 || oe | 068
1L,I7 ] 22.50 1,17 92,08 113 4 || 0254 | 089
0.8 | 20,52 | 0605 | 18.35 0.40 2.67 | -
e
o
~  Key:
lo Test

Note: Test No 44 was conducted in a comfletely

-
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clean tube. The reraininy tests were conducted in
clean tubes with neglimzible deposits.
At pressures over 1000 neen™ the heating

} surface usually grew somewhat "dull" after the conduct
of the tests although it still retained a metallic
luster. This_is explained by the formation of an
insignificant deposit which did not influence the
| level of heat transfer and which made it possible to
describe such a boiling surface as being practically
clean. ‘ '

The data which was obtained (Figure 2) is
well-described throughout the entire range of pressures
and thermal loads which were investigated by the

enpiricel formula

i
‘o
{ e %f-t id

— § =




.

a
# 2
2
l /!
o
1 7
§ o —1
« garer
® =4
vT=3
F v =5
o=17
i sl

w2 e« 5 ' 2 g

Figure 2, Test data on the coefficient of heat
transfer « (watts-meters'2-deqrees'l) for
various speciflc thermal loads q(watt3°
meters” ) and cressures p(n-cm” )

1l «= 195703 2 == 16603 3 == 13653 4 == 974

5 -= 302; 6 == 108; 7 == 29.4; 8 -- 9.8.

Deviations of test data from the data obtalned
by this formula do not exceed  25%. It should be
noted that the relationship of the coefficients of heat
transfer to the specific load and pressure generally
were similar to the relationships given-in work [2/.

' . The method of preparing and conducting the tests

_ufor: critical thermal loads was the same as in the

testg on heat transfer, The critical thermal load was
Idetermined from the readings of a voltmeter and

.
- -
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ammeter at the moments of time preceding the burnout
of the test tube,

A eraph (Figure 3) of the relationship
T f(p) was constructed from the results of the
tests. The nature of this relationship is basically
similar to the data obtained in work /37; however,
the numerical values of Qe in our tests are lower.,
It should be noted that in work /3/ nichrome
[hickel-chromium—iron'311017 plates set on edge were °

used as the heating surface, i.e., the conditions under .

. which the tests in work- /37 were conducted differed
from ours.

WO
o'y

Figure 3., Relationship of the crltlcal specific
thermal load q, (watts~meters ) to the
pressure p(n-cm )

Symbols

a -~ coefficient of heat transfer; q -- specific
- thermal load; q., == critical specific thermal ioad-
Tl - temperature inside the tube; T -- gaturation
.temperature of the water~ Tcr - critlcal temperature
of the water; T, -- temperature drop in the wall of
[the exper}mental tube'considering the heat release

10

%

i
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Summarv

Experimental data is obtained on boiling heat
trinsfer to demineralized water from horizontal silver
tubes havinz a 5 nm external diameter. The pressure
and heat fluxes in the experiments varied over the
range of 10-2000 (n-cm'a) and from 1107 (wattse

meters'a) up to the critical fluxes respectively.

Stability and fair reproducibility of boiling heat:

transfer data were attained only with surfaces working
not less than an hour at high thermal loads, provided
the surface is kept sufiiciently clean during the
test. | ‘

At hich pressures and considerable heat fluxes
the boilinm surface was found to be intensely covered
with the oxide film, This fact can probably be ex-
plained by the presence of oxygen dissolved in the water,
As a result the reproducibility of data is not achieved
and heat transfer coefficients may differ rather
s1gnificantly. The use of hydrazine (5-7g-.m" ) made
the boiling surface sufficiently clean over the entire
pressure rangs, thus excluding the above-mentioned
undesirable phenomena.

The critical heat fluxes from the horizontal
silver tubes to the boiling water are evaluatea over
the pressure range of from 10-2000 (necm” ). The
critical thermal load was determined by the burnout

' of the test tube.
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CONSIDERATION OF HEAT EXCHANGE AND THE RELATIONSHIP
OF VISCOSITY TO TEMPERATURE :IN THE PROBLEM (F THE .
FLOW OF A VISCOUS LIQUID BETWEEN TWO ROTATING CON-
' CENIRIC CYLINDERS
(on the theory of an unloaded bearing)

S.X. Allanov

State University imeni
N.G. Chernyehevsky,
-Saratov

A meneralization of the probler of

. Professor N,P, Fetrov on the movemsnt
‘of a lubricant in a symmetrical layer
;0f. 8n arbitrary thickness between

*Totatinp cylinders is examined for the
case when heat exchange anu the re-
lationsnip of viscosity to terperature
are consldered.

Let us examine the established flow of a viscous
liquid between two round coaxial cylinders of .un=-
Jimited lenzth of radii R, and R, (R2 > Rl) which are
rotating about a common axis with constart anrular
velocities w, ard w,. In work /1/ which laid a
foundation for the hydrodynamic theory of lubrication,
Frofessor N,P, Fetrov gave a precise solution to this .
rroblem in his hypothesis on a constant coefficient of
viscosity u= u, , i.e.,gneglectingnthe influence of
internzl heat relesse oniliquid friction, However,
an experiment /2/ indicaﬁes that the thermal effect
in the layer is generally considerable and makes it
necessary to take into aécount fhe relationship of
viscosity to the temperature T. This investigation is

'based on the approximatiqn of P.A, Filonov /3/

“
—
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" --gxoe.\'p[—a(T—To)l.a)O. (1)

the advantage of which will subsequently become clear,

The rerainine thermal physical charactepistics of a

liquid, in particular the coefficient of thermal

conductivity A, in view of their slight relationship |

to temperature, are assumed to be constant. ,3 
If we iznore the mass forces and take into o

account the unlimited length of the cylinders and the

axial symmetry of the flow, then the equations of

Navye=-Stoks and of the influx of heat /[4/ in the case

under considerstion will mive the following bssic system

of equations

']

22 80 =0, vp=u(). p=plr)

r dr ~
dt 2t ___. dv B
Fadl e )]

-2 ‘

Laf)s Zmo rar) @
r\ dr »

with the extreme conditions:

=T,
T=T,VYV=VYVL=z o Ry when r=R,. (3)

vV, = w, R, when r= R,

. A, e




¥rom the second equation of (2) we immediately
obtain | -

cap(® 2\ o L ()G (&)
”(dr r) z”dr(r) "

This means that for the displacement of a viscous
layer an amount of work Q = TY/] should be.expended
per unit of area; this work is given off in the flow
in the form of heat and is lost through the walls of
the cylinders under the established regime.

Phus from (1)=(4) a border problem occurs for

|
|
l fcemperature and speed fields in a dimensionless form:
1 ., a .

’ 6"+-e—6 +-;7exp6- 0; ) (5)
|
|

4 (8\ oD e |

it [F) = ewe: ©

b .
l
.
e=0, u=1 when ¢ =) (7)




0=iT T). B=3(T, -To) tmemy W=phe,

Ct C
v --v-’- =——°-'_ ='—-—o-_-0
U= '(‘,T ] uo vl ‘ .a l's}lo R«f » :Lole‘ (9)

A nornlinear eauation like (5) has already been
used by us /5/. Introducing the new variables

. a
0=y(x)—2, x-ln—-——VE .
we will have the equation

y" +expy=0

Integrating it, the general solution (5) can be
presented in a final form as

2cK!
a ch?(C, + G,z In3) ' >0, (10)

O]

From this the integration of (6) gives
|




u = AC,ith(Cy + C,V a Ink) +C,t, (11)

= Va il ij ‘ (12)

(plus corresponds to C > 0 and minus to C°< 0).
In order to find the arbitrary cqnstants Cos
Cyy» Cpy and 03 we have four limiting conditions of
(7) and (8). 1In particular, in satisfying the border
conditions for temperature & , we obtain ' ‘

C, = Arch(C,V'T), & = foexp (- —2‘-') ,

I m (13) |
Cy+C,Va Infy = Arch(C§, V2). |

In accordance with the existence of inverse ' 1
‘hyperbolic functions, we have | ]

'. CIV2-> l, C121V§.> 1. (lq.) -'

. ] As will be shown later, E'>l and the second | ‘“
inequality will become immaterial, Fulfilling the
marginal conditions for speed u gives




C' = | —ACl thC,,
Uy — & = AC, % [th(Cy + C,Valnk) —th Gy},

(15)

which can be written in a more convenient form if we '

use (13) as:

Co=1t AYT—T, | (26)

(plus corresponds to C, < 0, minus to C, > 0),

sh(C,Va lnt) =B, B=-L1fulb=k) )
A%,

The positive nature of the argument of the left part

(¢,> 0, §,>1) results in B2 0, i.e.

AS>0 when u, > b (wdw)

(18)
A<O when u, <E, (wa<w).

sased on this, a sign is selected in (12) and

consequently for the arbitfary constant Co' Its value

is found from (17) and (9).

__ /TG AmshB _ In(B+VEFD 19
Visy e R ome m o

e 18 =

4




As a result all the constants are expressed through cl. - In

order to determine C. in the second relationship of (15) we vill ex-

1
clude C, and U 4 vith the help of (13) and obtain

‘:e.c;,”\/“z— (t\/ 75?') L (e0)

The selection of a possible sign is limited
by the conditions of (18)., FKrom this, according to
(13), the plus sign occurs simultaneously only when

BE>1, >0 : (21)

_ In the remaining two probable cases 02< 0.
Solving equation (20), we then find the constant '

Cyree 4(4:,‘%5.) :[ As,) (l—— ][ uo"—‘-&)-‘- (22)

()]

The second solution 0'1 = 00 is not applicable
since it results in infinite values of the temperature,
. It remains to select the sign for the constant 02.
ror this purpose we will require that the solution

we have found provides a continuous limiting transition ©
to a flow regime with a constant viscosity K = K, i.e.,

80 t.hat when U=, (§ =0 ), it would turn into
N.P. Petrov's solution /1, 4/. Because in the given
|case the value A—» oo, (22) takes on the appearance

U 1 J—

L}

._l




At 1
C,= —2—|1 ==/, 2
Y4 —k) Ff| - o

consequently values C, and C, also tend to proceed
toward infinity. Applying (23) in (17) and (14)
mives

B=-£-| e,-'—-e'-’. V@ Cyink, = [Ink. (24
..

For tre limit when 8=0, €, according to (9), turns
to zero and (10) alons with the first equation (13)
results in the relationship .

chC, .

From this with the help of (15) we visualize (11)

as
u=t4 é-‘é‘- sh (C,V @ Ink)

1

or considerix;g (o)

U b+ _ﬁ_ (E\lna.\/n"'a.

~ln&)/ng, P




If we assume that f, = f°> | , then using (23)
it is possible to obtain

t (e — 1) — (%% — 1)
I (T—1R)E

or in the dimensional variables of (9)

1 (0y R2— 0, RY) — (wy —~ @) RER? . |
vt m—Ryr (27)

which coincides precisely with N.P. Petrov'é solution
/1, 4/. Another possible ussumption in (26) that

¢, = |/¢, rives as a result an expression which is
different from (27). Thus in order to observe the
limiting transition to the case of constant viscosity
it ie necessary that ,f,)’ and consequently condition
(21) determines the identical selection of the sign of
Cye From this it is possible to draw the conclusion
that § =/ is the upper limit of the existence of a
stationary regime for the flow which we have examined,
i.e., when'§ <[, the heat which is given off as a result
of internal friction does not succeed in passing
through the walls of the cylinders to the outside and
creates the non-stationary condition of the flow. In
dimensional terms, the limit of the established regime
is expressed as follows:

(0> 21 + bt

2 S s, i il e R R




2 hlgl. (28)

T]‘-‘T. 4-3‘

R,

Thus (10)-(13), (16), (19), and (22) represent an exact
sslution of Professor F,N. Fetrov's problem consider-
ing the influence of internal heat release on the
process of liquid friction. As a result of this the
liquid in the layer is heated and the temperature
reaches a maximun:

O = In B2 (G4 CVT '
max = n_c"{&':'r' (Ce + J/.alﬂh)-—-, E,T/—E_ (29) ‘

It can be shown that when § 2 fo (T £ ']:), the
latter always takes place,

A trivial case W, = W, (u, = 50) is obtained
gimilarly to the resime ot constant viscosity, for
formulas (23) and (24) retain their force, The un-

limited neture of C, simplifies (11):

u=(AC;thC, + C)E =& uan v=ur,

i.e., the entire layer moves as a whole,

In order to portray the influence of the
dissipative factor on the movement of a cylindrical
layer of a viscous liquid we w;ll calculate, on the




. = 11T gl M0
basis of (4), the value of the moment of the frictional
' forces on the internal cylinder

LI
M= 1| Rido = 2¢Cd.
0 .

The case of a slide bearing which is most interesting
from an engineering point of view is charaoterized

by the parameters u:O[w,:O) and E, (smallness
of clearance), Then (19) and (22) give~

3 In(B +%_El ¢ 1) b -exp—(T. ~T)),

I

m-—--

"'The correction which is obtained for heat it
transfer can be expressed by known criteria of simi=- ;1
larity it (12) is expressed as: . LT i
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As an example of the practical employment of
the above-cdeveloped theory numerical calculations
were performed for a bearins with a rotor radius
Ry = 0.025 m and with cylinder oil having the following
thermophvsical characteristics /2/:

T, = 40%, W= 0.675 n-sec-m'a,
A= 142.5010"5 watts-meters'lodegrees'l,
P=9.64 n-secaom'4,
d =0, 097 den*rees'1 C (gives an average deviation from
experimental values of W of 3-4% in the temperature .
range from 15-65°¢),
According to (29) and (30) we obtain the results:
1, T, = T, (same temperature conditions of the
cylinder and bearlng) When @, = 1200 rev/min,
m = 0,433, i.e., the correction for heat transfer
.is equal to approximately 57%, max = 52, 5 Cs Of course
such an increase in the temperature in the lubricant
layer cannot be neslected since it w111 lead to a
greater than double decrease in the re31stance moment.,
Yhen w, = 300 rev/mln .= 0,913 (correction %),
Tm = 41,5%, . _
g 2, I, = 20°% (different temperature conditions
of the cylinder and bearing), , = 1200 rev/min,
m = 0,662 (a correction of 34%), T = 41,5%., It
is fully understandable that the influence of the
thermal effect will decrease together wzth temperature

.

It should be noted that in the framework of
'a hyberbolic approximation of the relationship k(T),
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from an engineering point of view is characterized
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As an example of the practical employment of
the:above-developed theory numerical calculations
were performed for a bearins with a rotor radius
Ry = 0.025 m and with cylinder oil having the following
thermophvsical characteristics /2/:

Ty = 40%, #.= 0.675 n-sec-m'a,
A = 142.5'10-3’watts'meters-lodegrees-l,
P = .64 neseccem™",
d = 0,097 cie,rv;rees"1 C (gives an average deviation from |
experimental values of u of 3-4% in the temperature
range from 15-65°C).
According to (29) and (30) we obtain the results:
1. Tl = To (same temperature conditions of the
cylinder and bearing)., when «, = 1200 rev/min,
m = 0,433, i.e., the correction for heat transfer
is equal to approximately 57%, Thax * 52,5°C, Of course
such an increase in the temperature in the lubricant
layer cannot be neslected since it will lead to a
. greater than double decrease in the resistance moment,
“hen w, = 300 rev/min m = 0,913 (correction %)
T oo = 4Le5°Cs
i 2, 1y = 20°¢ (different temperature conditions
of the cylinder and bearing). «, = 1200 rev/min,
n = 0.662 (a correction of 34%), T, . = 41.5°%C. It
is fully understandable that the influence of the
thermal effect »ill decrease together with temperature
Ty -
It should be noted that in the framework of
‘a hyberbolic approximation of the relationship k(T),
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the distribution of speeds and temperatures in a layer,
as is not difficult to show, is expressed by Bessel's
function with the argument const /C,l/§{ . Therefore,
the problem under consideration cannot be solved for
the reneral case, It is only in the particular case

of a small clearance between cylinders that one can
finally find /4/ all arbitrary constants from the four
marginal conditions,

Symbols

ry ¢, and 2z are the radial, angular and axial
(directed along the common axis of the cylinders)
cylindricel coordinates; Vs Vo , and V, are the
component speeds in the corresponding directions;
f is the density; p is the pressure; I is the mechan-
ical equivalent of heat; T is the stress of the.internal
friction in the layer; M° is the resistance moment of
the cylinder in the assumed case where u=u, = constj
Ga is the Galileo number; K is the specific heat
content per unit of length of the periphery of the
¢ylinder; and ¢, is the thermal capacity.

Summary

The stationary flow of a viscous liquid in
an arbitrary epace between rotating coaxial cylinders
of infinite leangth is studied and the relationship
between the temperature and friction heat and viscosity
of tha flow is teken into account, The law of this
relationship is assumed to be exponential. Then the
problem is reduced to the intemration of a non-linear
|oquation. This 1htegration is porforﬁo# rigorously

P
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and 3ll the boundary corditions are safisfied complefely.
As a result a closed rirorous solution is obtained

for rhe czse of constant temperatures of cylinders,

and the limits of the given stationary. flow conditions
are shown, A comparison is mzde with the case of
constant viscosity.
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AN INVESTIGATION
DIAMETER OF A PIFE 0

OF THE INFLUENCE OF THE
) N THE SIZE OF THE
~ CRITICAL THERMAL LOAD FOR BOILING WATER

R.A. Rybin
Central Boiler - Turbine
Institute imeni I.I.
Polzunov, Leningrad

results are given of the experimental
investigation of the influence of the
diameter of a pipe on the size of the
critical thermal load for gravimetric
velocities_of water of from 16,000 to
70,000 n°m “<sec”', steam content at the
outlet from the pipe of up to 10% ?y -2
weight, and a pressure of 101.3:10%n.m™*,

There is a small number of published works in
which & special study wss made of the influence of .
the diameter of a channel on the size of the eritical
thermal load /3, 7, 9, 1Q/. 1In particular, the influ-
ence of diameter on the critical thermal flow | when
water is flowing in vertical pipes at a temperature
below the saturation temperature and at a pressure of
25,4:10%n.m™° was investigated in work /7/. It was
found that with a decrease of the diameter from
4 to 1l mm the critical thermal flows increase, but
. with a change in diameter from 4 to 6 mm they remain
‘ unchanged, In work /9/ it was not noted that the dia~
meter of the pipe influenced Qeop for changes of diémeter
from 4 to 12 mm and at pressures of P = (101.3-202,6)0105‘
' nom'a. As in work /7/, the tests were conducted on
lwater which was not heated to the saturation temper- ;J
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ature.

In investizating critical thermal flows in flat
slotted channels /3/ at a pressure of 1430105n-mf2,
the authors came to the conclusion that a change in the
width of a slot from 1.4 to 2,5 mm does not affect
the size of the critical thermal load.

V.S. Chirkin and V.P. Yukin /107 conducted tests
with ring apertures on water which was not heated to
the saturation temperature and at a pressure ¢lose to
atmospheric pressure. They established that a change
in the width of the aperture space from 0.5 to 2.5 mm
inereases the critical thermal flow, Further increase
in the width of the aperture up to 5 mm has no in-
fluence on q,..

From this short list of works it is apparent
that the question of the influence of the diameter of
a chaennel on the maznitude of the critical heat flow
has been studied insufficiently and requires further
investigation,

We conducted an investigation of the influence of -
the diameter of a pipe on the magnitude of the critical
thermal load for the flow of a water-steam nixture with
5 gravimetric steam content at the exit of the channel
of up to 10%, sravimetric flow speeds of 7‘w = (1.6-
7.0)10 nem 2sec l, and pressure in the circuit of
101.3-105n'm'2. The tests were conducted in an
experimental unit consisting of a closed circulating
system with forced circulation (Figure 1),




g
—_mm
i

Figure 1. Diagram of the experimental unit,

1l -= circulating pump; 2 =-- measuring diaphragn;
5 == regulating valves; 4 == heaters; 5 --
wattmeter; 6 -- refrigerator condenser;
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9 -- experimental section; 8 -- ion exchange
filters; 9 -~ deaerator; 10 == autotrénsformer;
11 -- power transrormer; 12 -- differential

' manometers; 13 -- master manometer; l4 -- feeder

pump.

The experimental section and also the heater
ard vaporizer were heated with A.C., current. The heated
part of each experivental section was preceded by an
unheated hydrodynamic stabilization section 250 mm
lons., The tests were conducted in tubes with internal
diameters of 2,05, 3.&, 5.3, 6.5, 7.6, and 10.2 mm.
The relative length of all investigéted pipes was
equivalent to 40 diameters, This latter situation was
caused, first of all, by the fact that according to
the results of some experiments /%, 8/ where 1/d =
15-20, the relative length does not affect the size of
the critical thermal load and, secondly, by the desire
to have water at the intake into the experimental

" section which was not heated to the saturation
temperature while the steam content at the outlet was
10%. :

Nethod of measuring and of conducting the tests.

In the course of conducting the tests the expenditure

of water was measured through the use of a throttle
piece; the temperature of the water at the input and
of the steam-water nixture at the outlet from the
experimental section were measured with chromel-alu-
minum thermocouples placed in mixing glasses; the
pressure of the water before the test section was
measured with a master manometer; and the electric

N
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power supplied to the experimental tube was measured
with a wattmeter. The onset of a crisis was gauged
by the reddening of the tube, with this the load was
thrown off from the tube. However, there were cases,
mostly for small diameter tubes (5.3, 3.8, and 2.5 mm)
when the load could not be thrown off and the pipe
ruptured, The reddening always occurred in the

upper part of the pipes.

Results of tests. In analyzing the test data
the steam content at the outlet from the operating
tube which was determined from the thermal balance
equation was taken as the critical steam content X.
The eritical thermal flow wes determined from the

formula
Wal

ol

In connection with the fact that the transition
from bubble boiling to pellicular boiliny is a
consequence of a profound hydrodynamic reconstruction
of the flow /5, &/, it is preferable to relate the
change in value of the critical thermal load not %o

the gravimetric steam content x but to the true

volumetric steam content @ . Because the question of
the determination of ¢ for a broad range of pressures,
velocities, and steam contents is in the study stage,
it is possible, based on works /1, 2/, as a first
approximation to use, rather than ¢ , the value of the
voluretric expended steam content 3 , inasmuch as in
the erea B = 0-0.85, the value ¢ is proportional to
| A, which is found from the formula
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The tests showed that with a decrease in the
diemeter of the pipe in the range of changes of the
parameters f and Tw, under study, the critical thermal
load increases.

The initial test data (such a treatment was used
ecarlier by other suthors) for Q.. = £(p) for different
values of Y4, anc d was treated as follows (Figure 2):

.qcrdn = g <+ bﬁ. | (')

coefficients a, b, and 1 depend on'7&“. The median
1ine is drawn by the smallest squares method. A
comparison of the va%ues of qcrdn = f(}B ) for
different values of Yw, in the range under consider-

ation shows that in the given area of change of gravi-

metric velocities and steam contents the influence of
Y, on q,, is nesligible, This rakes 1% possible to
obtain the relationship

Qep © £( ﬂ, d)y

which generalizes the results of our tésts with a
spread of +20% (Fimure 3)e




Figure 2. Relationship of the critical thermal
load to the volumetric expended steam content
for tubes of different diameters when
Ta% = 45,000 nem=2egec .

1l ==a=2,05mm; 2 == 3,8; 3 == 5.3

4 we 6,35 5 == 7,75 6 == 10,2,

Gue 0"
‘i:r" -

§ ' A
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Figure 3, Relationship of the critical thermal
load to the volumetric expended steam content
when Tw, = (1.6=7.0)10* nen"2+sec™! and the
tube diameters are as shown in Figure 2,

.|




lf- The empirical formula which describes” the curve -1
shown in Figure 3 is Qpp = (6.0-5.05/3 )d°‘4105.
The graph in Fimure 4 is an attempt to general-
. 1ze the dsta on ihe influence of the diameter of a
channel on the values of the critical thermal load
using the criteria of the system proposed by o
S.8. Kutsteladze /6/ /See Note/. The expended
volumetric steam content 3 is taken as the parameter
fi which determines the influence of steam content,
' . 'zyotq/: The influegce of .the criterion
-‘;e (—7;—7-}% in the case being considered (water at
P = (100-180)10°n:n"°), according to the data of
V.M. Borishsnskiy /11/, can be neglected.

Figure 4. Helationship of criterion K to Kd
when X = 40 and B = 0.6, ]
1 o= d = 1% o, P = 101,3+10° nem™2; |
2 a=d = 6.2, 9.9, and 5.3 mo, P = 151,9+10°
nem™2; 3 - d = (2,05-10,2) mm, P = 101,3+10°
“L__, n-m'2 (all Central Boiler-Turbine Institute); ._l

- B



4 -- 4 = 8,2 mm, P = (101.3, 143, 162.8, and
182, 3)105 n‘m [1Q7. 5 == gperture = 2,46 mm,
P = 143 10° n-m /3/ 6 -=d =3 mm, P
101,3+10° nem” [%]

The graph in Figure 4 contains test data from
a number of authors /3, 4, and 1Q/ for one value dr\
criterion K = 40 and p = 0.6, Criterion

Y

N

The lack of a sufficient smount of test data for
tubes of various diameters for different pressures,
steam contents, and velocities made it imjossible to
construct similar curves for other values of the
criterion K, and the parameter g.

From the graph it is apparent that with a
decrease of the criterion K; = d(fyg'ﬂr) %, the value
of the criterion K = q,,.(3600rVg7r* V(T — 77 y~t
increuses., This under other equal conditions gives
evidence of the increase of the critical thermal load
with a decrease in the diameter of the channel. ' The
path of the curve K = f(Kd) provides a basis for
agsuming that for values of criterion Kd greater than
10, the latter will cease influencing K. This conclu=
sion is supported qualitatively by works /B/ and A1/,

| The nature of the influence of channel diameter
on the value of the critical thermel load apparently
can be explained by the fsct that with a decrease in

|
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l:“;he channel dismeter the characterisitic size of the
freely~formed stean phase decreases-due to the action
of the hydraulic pressure of the flowing liquid. 1In
this the portion of the heating surface which is in
simultaneous contact with the steam decreasesj this
incroasés the stability of the two-phase surface layer
/11/. In order under these conditions to break down
the stability of the surface two-phase layer, it is
necessary to increase the number of steém formation
centers which are participating in the process.
Under other equivalent conditions the latter is
achieved by increasing the thermal load.

Symbols

1 o= neated length of the operating pipe;
d -- internal diameter of the operating pipe; Q,, =~
critical thermal flow (load); W, == speed of circu-
lation (speed of the water &at the saturation tempera-
ture) Woy == electric power measured in the operating

section,

Summary

nhe effect of the chamber diameter on the

thermal load at the transition of bubble boiling to
£ilm boiling is examined. The experiments were carried
out in a circuit with forced water circulation.

During the experiments the weight rate changed
from 17,000 to 70,000 n-m'zosec'lg vapor content
variations at the outlet were up to 10%: the channel
diameter was from 2 to 10 mm and the pressuré was

naintained at 101.3'105n-m'2. The relative length of __J'

1 , |
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r;he pipes was 1/4 = 40,

The channel dismeter was found to have an

important influence on the critical load.

An empirical formula was obtained which makes
it possible to estimate the effect of the channel
diameter on the critical thermal load over the range
of parameter changes under study.
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MEASUREMENT OF THE TEMPERATURE
OF AN ARC JET

. Ye.V. Garkavyy
Results are given of the measure=-
ment of the temperature at the axis of
an arc jet and of the temperature
distribution along a radius as related
to certain parameters of the discharge
by means of a determination of the ,
relative intensities of spectral lines
and through an investigation of the
hydrogen line contours of the Balmer
Hp series, _
~ Over the course of a number of years high
temperature gas jets obtained through high current
arc discharges have been a subject of very broad
study. Recently they have also come under spectro-
scopic investigation. This hss been based, first of
all, on the fact that high temperature jets are of
great interest in theoretical and applied spectroscopy.
as a new source of light and, secondly, on the me-
cessity of measuring one of the basic parameters which
characterize arc jets -- temperature. Spectroscopic
methods of measuring temperature make it poseible to
determine not only a local value of an indicated
parameter at some point in the jet but also make it
possible to find the temperature distribution for
a cros§~sectioh,and along the length of the jet, which
in a number of cases is a matter of considerable

|interest.
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In this work the object of our research was & -~ ...
high temperature arc jet which was obtained with the .
help of a nitrogen-stabilized high-current D.C. are - '
discharge, Such units have already been described
in publications /1, 2/. It is necessary to note only
that a graphite cathode and a copper anode served as
the electrodes. A cylindrical aperture in the anode
served as an outlet for the jet into the atmosphere,
The stabilizing ges was fed into the discharge chambey
tangentially to the interior surface. .

mhe spectra of the jet were recorded with the
help of ISP-28 and ISP-51 spectrographs. The cross =~
section of the jet was sharply directed at slits in thefiiﬁf%ff;
spectrographs at a distance of 2-3 mm from the outlet  ﬁJ o
aperture, The focusing of the cross section of the jet R
at a slit of a spectrograph made it possible to find
the temperature distribution along the radius of the
jet according to the distribution of intensity across
the spectrum, This was accomplished by recomputing
the measured intensities of spectral lines taken for
the lateral profile to find the radial distribution.
The coefficients cited in work /3/ were used for the
recomputation. ' ,

The dispersion of the spectrographs in the area
of line Hg amounted to 40 i/om for the ISP-51 and
65,5 §/mm for the ISP-28, which made it possible to
determine with sufficient accuracy the half-width of
the line which had been changed in our tests in the _T
range from 15 to 70 X, depending on the temperature of .
the jet. ' |

L_ _ The method of measuring the temperature accordins-JfJ f 
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| to the brosdening of line Hp consisted of the following.‘
Based on the experimentally measured half-width of
line (A)‘)%, a determination was made of the normal
intensity of the field

£ o (82

«

The coefficient « was taken from the theoretical
contour of line Hp as calculated by Griem, Kolb, o
and Shen /4/. Then according to the formula F.=:2.Llen%6_
the density of charged jarticles n was calculated
where, in accordance with the theory of Griem, Kolb, -
and Shen, n = n, = ng, Having thus determined the

electron density and keeping in mind the fact that
the admixtures of graphite and copper in the jet do
not exceed 2-%%, it is possible with a sufficient
dezree of accuracy to find the temperature, using the
relationship of the electron density to the temperature
for pure nitrogen [5/. Because the escape of the jet
occurred into the atmosphere, for this purpose the
relhgionship of n, to T for a pressure of 9.8.10
nem © was used, '
mhe values of the temperature which were
calculated for the broadening of line Hp were come-
pared with the results of measuring the temperature
according to the relative intensities of the spectral
lines, For measuring the temperature according to
Ornshteyn's method, lines of one-time ionized carbon
of 2509, 2512, and 2836-37 A were used. The probabi-
lities/of transitions for these lines were taken from
| Maecker (6/. The formula for calculating the temper=-
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ature was -l
T = .ELZ;EE__ (h, j@£'4'iL ;£1T> .
K A, Az % - I,
In determining the temperature according to the re-
lative intensity of the spectral lines it was assumed
that'there was local thsrmodynamic equilibrium in the
jet; this was checked by us and found to exist as
arplied to an arc jet /%/.
The temperature values which were calculated
from the same spectrum according to the CII lines
and the half-width of line Hp correspond well with
each other as can be seen from the table., The measure=
ment of the temperature according to the broadening
of line Hg in the presence of small admixtures
obviously is more dependable than measuring according
to the relative intensity of spectral lines. This is
baged on the fact that the probabilities of transitions
for spectral lines are not known with sufficient
accuracy. For lines CII which were used in this work
the probabilities of transitions were determined with
an error of 20-25%, whiech can cause an error in
measuring the temperature of up to 35%. On the other
hand, the half-width of line Hy can be determined
with an error of a few percent which could cause an
error in the temperature value on the order of 10%.
Unfortunstely the upper limit of the temperatures
which can be measured in arc jets from the broadening
of hydrogen lines is approximately 16,000-18,000°K;
over this value the determination of the temperature
becomes ambiguous in view of the decrease in electron




density wh.ch occurs with further increase in the
temperature because of 'thermel expansion.

Table

Comparison of temperatures measured by
Hg and by CII lines

Temperature at the axis of the jet, %

By CII

- By Hp 2509 & . (25124, | ‘v

286 28%6 .

7 % i
15450 16300 15550 15750
17000 17500 16850 17100
14300 14800 13950 14400
15800 17000 16250 | 16350
14400 14000 14800 14400

] ' (Y
The value of the temperature at che axis of the

jet and especially the nature of the temperature

distridbution along the radius of the jet depend

essentially on the perameters of the discharge and the
|_§eometry of the discharge chamber., 1In experiments .J
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on determining the relationship of the temperature on
the axis of the Jjet to the power which is applied to
the disch«rge (Figure 1), the length of the anode was
constant and was equal to 50 mm and the diameter of

the outlet aperture varied from 12 to 15 mm, which had
‘no significant effect on the value of the axial

" temperature. The temperature distribution along the
radius of the jet under these conditions was parabolic;
os can be seen from Figure 2, the higher the temperature
is at the axis of the jet, the steeper will be the
parabola. If at a temperature of 14,000-15,000°K

the temperature distribution curve corresponds to a
parabola of the third degree, then for 18,000°K at

the axis it is close to a quadratic parabola., ¢
T-IO" L-"' l
’ ? ]
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53 140 250 W10’

Figure 1. Relationship of the temperature T(°K) at the
axis of a Jet to the power N (watts) which 1s applied
to the diséﬁarge for two 41rrorent expenditures or:
stabilizing gas.

1,2 - G;-.5.6; 6.5 (g-secl)
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Figure 2. Distribution of temperature 7(°Kk)
along the radius of a jet r (mm)

a, b, ¢, d == N = 250; 160; 235; 269-105 (watts);

G = 6,555 6.5; 10.75; 13.6 (grsec” )9 d = 123

12; 13,7; 15,5 (mm) accordingly; 1 = 50 omn- for

a, b, and ¢ and 100 nm for-d.




“'he temperature distribution acquires a completely

different character in the csse of an increase in the
expenditure of stabilizinrm gas to 1ll-14 gosec'l when
the meometrv of the discharge chamber remains unchanged,
In this case the maximum temperature is displaced '
approximately 3 mm from the center and a temperature
dip appears at the jet axis which increases as the
expenditure of stabilizing gas rises., The lowering of
the temperature at the axis of the jet is rather
considerable., For an expenditure of nitrogen of

14,5 g-sec’l,.for example, the depth of the dip, .i.e.,
the difference between ths maximum and axial temper-
atures, reaches 4,000-5,000°K.

Both the appearance of the dip and some asymmetry

in the temperature distribution along the radius of

the jet are based apparently on the intensification of
the twisting of the jet during the increase in the
expenditure of the stabilizing gas which is fed into

the discharge chamber tanmentially to the internal
surface, The influence of the twisting depends signie
ficantly on the geometry of the discharge chamber and
in particular on the length of the anode and the
diameter of the outlet aperture (Figure 3)., As is
apparent from the graph, the temperature dip should
lessen with an increase in the anode length and the
diameter of the outlet aperture.at the anode for an
unchanging expenditure of the stabilizing gas and

should disappear completely in the straight-line
portion of the curve, And actually when the length

of the anode is increased from 50 to 100 mm and the
Lgxpenditure of gas remains unchanged, as does the _ _J




diameter of the outlet aperture, the temperature dip

at the axis of the jet does disappear and the
temperature distribution again assumes the shape of a
parabola (Figure 2d). In this case the jet temperature
is lowered somewhat and the temperature profile becomes
fuller than in the case of a short anode. The
temperature distribution curve which is given in Figure
24 corresponds aprroximately to a parabola of the
fourth desree., This effect can apparently be

explained by the faet that in a long anode there.is
better mixing of the cold and hot gas, In addition
there is also the not completely excluded influence of
the twisting. The flattening of the temperature
profile for an increase in the length of the anode

‘can also be explained in part by the change in the
cooling conditions (increased removal of heat).

Tocu| -

125 . /{

Figure 3. Relationship of the ratio of the
maximum temperature Tmax'to the temperature
at the axis 5f the jet T, .., with respect

_ - to the parameter G/dl (g-sec'l-cm'a);
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111 these phenomena of course require further

investigation, However, it is now
that by selecting certain dischsrge parame

possible to conclude

ters and &

certain geonetry for the discharge chazber it is
possible for some interval of teuperatures %o obtain
a jet arc with a selectea temperature distribution

along the radius.

Symbols

T -- temperature of the jet; n, == electron
density; ny == ion density; e =-- electron chargej

g -- excitation level energy; K -- Boltsman
g -- statistical weight of the level; A -- wave lengthj
A -- probability of transition; I -- relative intensity

of a spectral line; G -- expenditure of stabilizing

gas (nitrogen); N -- discharge power; d -- diameter of

the outlet aperture; 1 -- length of the anode.

Sunmary

The relationship of the tenperature of the

axis of an arc jet to the discharge power (Figure 1)
ig determined. Temperature distributions with respect

to jet radius are plotted and discussed for wvarious
The results of

discharge paraneters (Figure 2).

temperature measurements obtained by

methods are compared.
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FLUCTUATIONS OF TEMPERATURE AND THERMAL
STRESSES IN A TURBINE BLADE DURING PERIODIC
CHANGES OF GAS TEMPERATURE

Ye.P. Plotkin and Ye.I. Molchanov
All-Union Thermal Engineering Institute
imeni F.E. Dzerzhinskiy, Moscow

On the basis of the methods of
approximate calculation simple relation-
ships have been derived for evaluating
temperature fluctuations of a blade and
results are given of the calculstion
of thermal stresses which occur in blades
during fluctuations of gas temperature,

In the process of operating gas turbine units
one often encounters regimes where the rotor and
Stéto: blades are under conditions of periodically

' changing gas temperature., Considerable fluctuations

in the gas temperature can occur because of the un~ .
stable operation of the combustion chamber or, during
transitioral stages, because of a change in the power
of the gas turbine unit., In this the amplitude of the
fluctuations can exceed by several times the difference
of the gas temperatures of the initial and final heat

Tegimes,

The sas temperature fluctuations cause corres-
ponding fluctuations in the blade temperatures,
especially of the thin edges which warm and cool
considerably faster than the bulky center part of the
blades. The resulting unevenness in the temperature
throughout the cross section of a blade can be the reason
for the appearance of thermal stresses, It is a matter

”ngf great practical interest to evaluate the change __1

1
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in temperature and in thermal stresses in blades with
the turpose of discovering the effect of gas teuper-
ature fluctuations on the strength of blades which
are operatine under conditions of high temperatures
and stresses,

The difficulty of solving a non-stationary
problem of thermal conductivity concerning the distri-
“bution of temperature in a blade means that one cannot
obtain an analvtical expression which is suitable for

concrete analysis, However, it is possible to use the
‘method of the approximate calculation of the blade
temperature for a non-stationary regime /1/ in order
to discover, with a degree of accuracy which is suffie
cient for practical application, the effect of various
factors such as the profile of the cross section of the
blade, the coniitions of heat transfer, the physiecal
properties of the blade metal, the period and amplitude
of the sas temperature fluctuations, etc,

At the basis of the method of approximate
caleulation is the assumption that in the heating of
the blade the main flow of heat is normal to the
surface and that the flow of heat along the skeletal
line of the cross section is small and can be neglected,
This rakes it possible to'cbhsider each section of a
blade cross section as a plate with & thickness of

§ =2n,

A comparison of an approximate solution with
an exact one /1/ obtained on a hydraulic integrator
shows that our assumption does not lead to a signifie
ant error for practically encountered conditions of

L

+
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| heat transfer and the physical properties of blade
material, "
¥or a plate which has heat transfer from two
sides it is possible to establish the equation

dt
2 = k(t,-t), (1)

where K = -%%— .

-t,
The coefficient ¢ = f?L—E' which is introduced

into criterion K and which characterizes the in-
equality of distribution of the temperature through-
out the plate, according to the theory of regular
operation, is approxicately equal to ¢=(I+ Bi/B)
Tet us examine equation (1) for change in gas
temperature according to the harmonic law

H=t°+ﬂsmzn4%. (2)

Introducinz the dimensionless temperature of
the plate @=LE-ls we obtain the equation

ty

-:—6-+k6=ksm2x-F )

Let us accept R = const in the solution, i.e.,
we will not consider the change of «¢, ¢, and 7T with
the. change of temperature aud time and let us accept
| the value of ¢ as being unchanged, The solution of 4
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equation (3) takes on the form

o Sin (2= YT) — (20/kT') cos (2x~/T : '
® 1 4 (2=/kT) = )-!-Aexp (—k2), ‘ ()

where the constant A 1is eusily determined from the
initial condition. For large values of T the second
member of the solution approaches zero and

e'-[ 1+ (—:%’)’}-/ sin(znlr-—q ) (5)

Thus from solution (5) it follows thst the
average temperature of the plate t performs a simple
harmonic fluctuation, the phase of which does not
coincide with the phase of the fluctuation of the gas
temperature '

° . T
tsto-i-t:m(ﬂf—-r-' ), (6)
where the amplitude of the fluctuations
-4
! 'ur)"] 2
tstg[\'l-('k-'r ’ ”

and the displacement of the phase of the fluctuations

o _ (8)
= arct
v




As is apparent from (7) and (8), the relative
arplitude of th2 t2nperature fluctuations of a plate
5=-t-/t-, and the angle of the displacement of the phase
@ depend on the paraueter

Q&
maﬁl’; (9)

Based on relations (7) and (8) it is possible
to calculate the temperature fluctuations of different
parts of a blade, for example, the edges, considering
them as plates with a corresponding thickness § = 2n,

_ . The calculation of specific variants makes it
possible to learn the effect of various factors., From
an analysis of the curves (Figure 1) of the relationship
®=t/T; to the thickness 3 and the fluctuation
period T it is clearly apparent that even for relatively
high values of the coefficient of heat transfer
(« = 1163 watts-meters'zodegrees'l), fluctuations
with 8 period of less than 0,5 sec will have little
effect on the temperature of a blade., This means that
pulsations of the mas temperature behind the combustion
chamber of himh and medium frequency (10 cycles or more)
are .of no danger with respect to the strength of the
blades of a gas turbine, Low frequency fluctuations
of %, (1.5-3 cycles) behind the combustion chamber
affect only the temperature of very thin edges
(about 0.5 mm), and in this the amplitude of the
temperature fluctuations of the edges can be 15%
from the amplitude of the fluctuations of the gas
temperature, ‘
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Figure 1. Relationship of the relative amplitude
of tha fluctuations of temperature E to
the thickness & (mm) for different values of
T (sec). '

1 == 0,55 2 - 1; 3 == 3; 4 == 63 5 == 12;

6 == 30; 7 -- 60; 8 == 120 9 == 300.

A stronger effect on the temperature of the
blade edges is caused by transitional processes which
oceur in regulating the power of the gas turbine unit
and which occur with a period for the fluctuations
of several seconds or more. In this the temperature
field ot t"™e blade changes considerably and the tem=
perature of the thin edges practically "follows" the
" tfemperature of the gas, 4 significant role in such
regimes is played by the thickness of the edge; an
increase in thickness considerably lowers the relative
amplitude of the temperature fluctuations,

The averase temperature of the thicker center .J




part of the cross section of a blade changes little
with ras temperature fluctuations, at least for fluc-
tuations, at least for fluctuation periods of up. %o

20 seconds. It should be noted that in evaluating the
temperature of the center part of a cross section,

the average temperature t of the equivalent plate still
does not fully characterize the temperature field in
this part of the cross section because the amplitude

ot the temperature fluctuations of the surface can be
somewhat higher. In order to determine the temperature
of the surface in the average part of the cross section
it is possible to use the known solution /2/ for the
rropagation of heat waves in a plate when the tempera-

 ture of the environment performs harmonic fluctuations.

7ith the help of a hydraulic integrator an
exact solution was obtained for a change of the temper-
ature field of a rotor blade of a turbine during
fluctuations of the gas temperature, The cross section
of the blade was divided into 33 units; the thermo-
physicsl properties c, Y, and A of sféql were accepted
according to a temperature of AQO°C; the coefficient
of heat transfer was accepted as a constant for the
surface equal to 930 watts°meters'2~dagrees'l.

Figure 2 shows graphs of temperature fluctuations
of the exhaust edge and center of a blade., These
~paphs were constructed according to the results of

the calculations.'
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Figure 2. Temperature fluctuations of a turbine ]
blade for gas temperature fluctuations , }
(solution on a hydraulic integrator), il

l =« gas temperature; 2 -- temperature of the .J - ')
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exhaust edme; 3 =-- temperature of the center of
the blade; a, b, ¢ == T (sec) -- accordingly

120, 30, 3.

For swall periods of fluctuations (T = 3 sec),
the temperature of the center part of the blade does
not change while at the same time the amplitude of the
temperature fluctuations of the edge ( d = 1.6 mﬁ)
comprises 1le% of the anplitude of the fluctuations of
t .. As the period of the fluctuations increases, the
relative arplitude § of the fluctuations of ths tem-
perature of the edge grows, reaching in a period T = 2
minutes the value @ = 0,90, In this there is also an
increase in the teérperature fluctuations in the thicker
center part of the cross section (5- 0.27). It should
be noted that the surface temperature in this part of
the cross section fluctuates with an amplitude of |
® = 0.30, slightly exceeding the amplitude of the
terperature fluctuations of the center, :

A comparison of the results of an accurate *
solution on a hydraulic integrator with the results . |
of an evaluation of the temperature fluctuations of a "]
blzde according to the approximate method, as described
above, show that arproximate calculations performed !
without considerinm the lonritudinal flow of heat
along the blade section permit a sufficiently correct ’ ’
evaluation of the temperature fluctuations of & blade,
although they do give somewhat inflated vlaues for the
temperature of the edge for gas temperature fluctuations.

The considerable unevenness of the temperature in

o




4 ¢ross gection of a blade which occurs during gas

temperature fluctuations causes thermal stresses in the
blades. The evaluation of the size and nature of these

stresses is a matter of interest, For this reason,
using temperature fields obtaineq with the help of a

hydraulic integrator, we calculated the thermal stresses

in a rotor blade for gas temperature fluctuations of
from 300 to 500°% with a period of T = 2 minutes,

This case corresponds to actual fluctuations of ¢ which

occurred during idling of the turbine while adjusting
its operation, The calculation of the temperature

stresses was coniucted according to the relationships
for unevenly heated rods {3, 47. The normal radial

stresses o, in a cross section of an unevenly heated
blade are equal to;

kf EBUdF Ff EstyiF  [Estxar

- +y
| Ear )! EydF

o,=mF

+ X —— gyl

;S Ex\dF

The thermal Stresses, as is apparent from the
eraph (Figure 3), chage according to the harmonic law,
periodically causing expansion or contraction, The
raximum value of these stresses and the displacement
of the phase are the same for different points of the
cross section, The maximum stress occurs at the

.

exhaust edge where it reaches a value of 0, = +1140:107

=

n-en




Figure 3. Temperature stresses ¢; (n-m'z) in

a turbine blade (T = 120 sec).
1, 2 =~ at the exhaust and intake edges;
5, 4 -- on‘the convex and concave surfaces,

The calculations which were made confirm the
fact that because of gas temperature fluctuations in
the process of operating a gas turbine unit it is
1ossible to have considerable fluctuations in
temperature and thermal stresses in the blades, These
fluctﬁations of temperature and stresses can have a
sienificant effect on the lons-term strength of the
blade material and can lead to early breakdown /5/.

Synbols

amb——
t8 -- temperature of the surrounding gas; t =--
Lgverage temperature of a plate; ts -=- surface temperaturgJ
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of a plste; ts -- amplitude of the gas temperature
fluctuations; T -- time; T -- period of a gas tempera=-
ture fluctuation; & =-- coefficient of heat transfer;

¢ -- thermal capacitr of the blade material; A == coef-
ficientof thermal condﬁctivity} h == half the thickness
of a plate; E -- module of elasticity; f3 -- coefficient .
of linear expansion; x, y =-- coordinates of points of

a cross section relative to ths main axes of the
thermalelastic curvature of the blade; y ==~ specific
gravity of the blade material. ’ ' o

- SURDaLy | -
Aprroximate methods are presented for solving
a temperature tield of a turbine blade with gas tempera=
ture fluctuations. Simple relations for the temperature
change of various parts of the blade are derived based
on the fluctuation period, heat transfer conditions,
phvsical properties of the metal, and blade shape,
Gas temperature fluctuations of hish frequency
are found to have actually no effect on the blade .
temperature field because of unstable operating condi=-
tions of the combustion chamber., Gas temperature
fluctuations with transient operational processes of
the turbine resulting from the action of the control
system and characterized by lower frequency cause
considerable temperature changes in the blade, esﬁecially
of its thin edges. These changes may result in addition-
al thermal stresses. . | |
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THE STUDY OF THE MECHANISM OF MOISTURE
TRANSFER IN THE DRYING OF COLLOIDAL
CAPILLARY-POROUS BODIES

‘ N.V. Churayev
. -Kalininskiy Peat Institute,
Moscow

The results are described of
experiments in the study of the mechanism
4 - of moisture transfer and of the processes

of structure formation of colloidal
capillary-porous bodies of various
dispersities.

Methods which are based on the utilization of
a radioactive indicator have been developed for the
investigation of the hydrous properties and the
nmoisture transfer mechanism in the drying of colloidal .
capillary-porous bodies /1-57. With the help of these
methods a study has been conducted of processes of the
isothermal drying of samples of peat and clays (balls
of a size of 7-10 mm). The tests were conducted in -
a drying unit /1/ using two repititions and passing
air through the chamber at the rate of 1-3 liters/
minute and while maintaining a temperature of 20—25°C.
and a relative humidity of 10-30%., .
. Fimure 1 shows the graphs which were obtained from
| ' a series of test samples and which reflect the re-
lationship of the drying spged, sample volunme,
volumetric weight of the samples, coefficient B, ,
and the. values of the integral criterion of phase
trensiormation to the moisture content /1/. Based .
|_f>n these graphs the values 4, =g, have been calcglated_l
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which indicate the speed °f removal of the moisture

which is evaporated within the pores. The values

of rhe difference q-—94¢&=9 indicate the speed of
drving which is pased on the eva,oration frou the
surface of the sanple of water which reached there

in the form of liquid.

vi e 1 V.
ik a B
o on
e >
Jlm o -
i ] ¥ 9
[
P
\l; 1
_---- 1-—‘- e e b -lﬂil‘
& [
[) []
[
L 0 W
a “ b c
Figure 1. Change of values of the integral

criterion of the phase transformation
g (1), of the volume of the samples
v (cm?) (2) and their volumetric weight
v (g-cm'3) (3), of the speed of drying
q (%%-hour'l) (4) end its component Q€
(%%ohour'l) (5), and also coefficient
, (6) in relation %0 the moisture content

of samples # (g/g) which decreases during
the course of the drying. _

a == peat moss, R = 15%; b -- sedge peat,

R = 30%, dispersed; ¢ == humbrine.

;
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The main results obtained from an analysis of the test data

are show in the following table.

Table

Results of the observation of the drying of

samples of different soils

20 | Kpuruuecxue | Kospdmunen- .

- (b 5-‘ )| suauennn BaaK: | Th 00veN-5 fg'"r::;;wm":'
g Xapaxrepuctuka | Pe,|@ % weom. . (~_" HOR YCBAKH | ot HAKOCTHIM
2 r * 34 ||8(]' MeXaHHIMOM, Y

pasua (A | M |€7| 8 x — )
3 ol |8 ol g 8] B | B
\é’ < ARIKARIR M° M
2 SEle|n (b |bsl !
1 | Coarnosuit nepexoanbift
ropd, R=15% .40,| 60 5 [176] 180 — 301 30 | 0,047 35 44
2 | Ocoxowit Topd, R=
=30% . . Wi, | 115] 12| 82{190{ —| 75 70 0,130 3 37
3 | 1yunneso-charnosuiil..
Topd, R=40% 1% | 120 20 | 65 170| 45| 35| 30 | 0,183 1,17| 29 4
4 | Ocokonwit TOPd, R=
- =3, llepepado-
an | paa . 43" | 100 20 | 97160] 90 70| 75 | 0,313/ 0,84 | 18 32
5 | Meauyn-topd, R=
=20%, nepepad‘z-
7an 5 pas ..\ | 105 25 | 83| 155) 40 45 45 | 0,56 | 0,61 4 16
6 | Meanyn-topd, R=
=2%, nen'maup,T
san NoOH . . 5] 95 40 | 851130 50{ 45| 50 | 1,22 | 1,40 | H H
7 | Neeox, o.x—o.zs"u‘x 1100, 016.8] 4| —[0.6] O ) 100 | . 100
8 | Taysoseuuii kaoaunfy| 6301 H | 18 22 — 5 2 0.59 14 52
9| rymbpun . 4. . .| 430 H| 20 35| 10| 13] 14 | 1,78 2.2 38 56
Keys:

1, Semple number

2. Description of sample

3. Content of dry matter (in milligrams)

4., Content of particles smaller than 1 micron, %
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5
6.
7

8.
- 9,

10,
11,
12,
13,
14,
15.
16,
17.
18,

- 1

Speed of drying, %/hour
Critical values of moisture content, %

" =« 100 * ¥physico-chenical

Coefficients of volumetric shrinkage
Quantity of water transferred by the liquid
mechanism, %

Sphagnous transitional peat, R = 15%
Sedge peat, R = 30%
Eriophorous=-sphagnous peat, R = 40%
Sedge peat, R = 30% processed once
Medium peat, R = 25%, processed five times
Medium peat, R = 25%, peptized with NaOH
Sand, 0.,1=0,25 mm

Glukhovetskiy Kaolin

Humbrine

Note: H indicates the lack of experimental

data.

The results of the tests make it possible to
draw the following conclusions with respect to the
mechanism of the processes which occur in drying .
test sarples of colloidal capillary-porous bodies.
In natural peat of low dispersity (No 1 and 2 in the
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table), in connection with the hizh strength of the |
structural elements from large plant fibers, the
shrinkage is not large (B = 0,05-0.13) and its rate
in sccordance with known theories [E/, does. not change
throughout the entire course of the drying (Figure la).
The low values of coefficient ﬂ. indicate an intensive
entry of air into the samples which leads to a contine
uous decrease in their volumetric weight., The retreat
of the evéporation front leads to a lowering of the
values of ¢, from the very beginning of the drying.
For this reason, as can be seen from the table, the
role of the fluid mechanism for samples No 1 and 2
in a period with a constant drying speed is very
important. Up to 30-35% of all the moisture is drawn
to the surface of the sample in the form of liquid.,
This, in all probability, is facilitated by the plant
residue which creates a capillary net which more or
less drains the sample, :
As the degree of dispersion of the peat increases
as a result of its decomposition.(sampleuNo 3),
mechaniczal proceséing (samples No 4 and 5), or
spontaneous dispersion (sample No &), there is a
change in the mechanism of the processes of moisture
transfer and structure formastion during drying.
The decrease in the size of the pores [7] leads to an
increase in the strength of the capillary contraction
{8/ and the breakdown of the plant residue does not
prevent further deformation of the samples., As a
result of this the coefficients of volumetric shrinke-
age in highly dispersed peat increase to § = 0.2-0.6,

| a8 had been noted earlier by /Y/. Similar relatiénshipa-J
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! occur also in mineral soils; as their degree of ‘
dispersion and hydrophilicity increase{ the shrinkage
processes develop ever uore effectively, as is
apparent from a comparison of the coefficients of B
in the table, The transition to a liquid transfer
pmachanism occurs in highly dispersed samples of peat
at low levels of moisture content. As can be seen
from the table, the portion of the moisture which is
transferred by the liquid mechanism becomes lower as
the dispersion of the peat grows. Thus in the case
of dryins dispersed peat, the transfer of moisture in
thp form of vapor acquires basic importance.

An element which was common for all tested
_sarmples except sand was the gradual increase in the
role nf the liquid mechanism of transfer in the course
of ire drying, as is sjparent from an analysis of the
graphs of g; and q& . This may be connected with a
decrease in the size of the air-conducting pores as
a result of shrinkage and also with an increase in the
moisture gradient in the sector between the retreating
evaporation front and the surface of the sample. It
should -be noted that these conclusions do not coincide
with the results obtained earlier in the study of
thermal moisture conductivity /3, 1Q/. There, as is
known, the role of moisture transfer in the form of
vapor, on the contrary, increased as the moisture
content of the peat decreased., These differences
are connected, however, only with structural chgracter-
{stics of the test samples and with the conditions
under which the tests were conducted. The tests on

I_Phermal moisture conductivity were ognducted with heat .J
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| and rmoisture insulated semples of pulverized peat of

various moisture contents and, in these tests, the
structure of the samples was formed spontaneously
during the course of the drying, Therefore, if, for
example, in the first case the dry peat was a large-
pored powder, then in the drying tests the peat in
the dried state would have a fine-pored "stone" struce
ture. The change in the initial structure of the
samples, which has a significant influence on the
moisture transfer mechanism, can be used to control
these processes.

As is apparent from the graphs in Figure 1b
and ¢ and from the table, the coefficient of volumetric
shrinkage f§ does not remain constant in highly disperéed
samples. For a moisture content wp which is close to
the content Wp of physico-chemical bond water, the
rate of shrinkage changes and the values of B increase
to 0.6-2.2., The intensification of the shrinkage
when W< Wy 1is connected, in all probability, with the
manifestation of the forces of molecular interaction
vhich progress according to the measure of the amount
of water removed and of the drawing together of the
rarticles AV, An this case there is a squeezing
out of the air from the pores by the spontaneously
deforminpg sample, which follows from an analysis of
the values of coefficient B, which increase toward the
end of the drying. This leads in turn to a notice~.
able increase in the values of the volumetric weight
of the samples,

The interaction between the particles ends

lwith the formation of strong condensation and _J
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crystallization structures, after which the shrinkage |
of the material stops. In dispersed peat the end of

the shrinkage was observed when W = 15-25% less than
wpc’ which has also been confirmed by the results of
other research /12, 13/, Iet us note that the
svstem of drying the samples has a vital effect on the
course of the structure-forming processes. Thus,
for example, in tests with clays (under conditions of

ﬁ, = 1) the shrinkage ceased upon reaching a moisture
content which corresponded to the maximum hygroscopi-
city /14, 15/, 1In our tests, whenfB,< 1 at the
beminnina of the drying (see Figure 1), the shrinkage
of the samples of clays ended at lower values of
moisture content, Similar conclusions also follow |
from works /167 and /17/7.

It is characteristic that in the case when the

drawing together of paréicles by capillary forces
which is required for a manifestation of the forces
of molecular interaction is not achieved (as occurred,
for example, in roughly dispersed sphagnous peat
and kaolin), the breakinz points on the shrinkage
graphs will be lacking entirely.. It should be noted

‘ that breaking points for Wp on the shrinkage graphs

had not been detected previously., This is explained
by the fact thst the research was conducted, as a rule,
on semples of considerable size. The formation of a
crust on the surface of such samples limited the
development of shrinkase, and a considerable difference
between the moisture content of the surface and of

the heart of the sample masked the xnfluence of its

|hydrous properttes and structure. .J
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Let us now examine the sequence of the removal
of various catevories of moisture (in accordance with
ths classification of P.A, Rebiader /6, 18/) when
drvine samples. Fisure 2 shows the results of determin-
ing the content of different categories of connected
water in sedge peat of differpnt moisture contents.,
The measurements were performed by the radiocactive
indicator method /2/ for peat samples, the moisture
content of which was changed by drying within the
range of from 710 to 10%. On the graph the values-of
the moisture content of the peat at which the
msagurements of the totzl amount of solvent water in

the paat W = Wyprorna1* ¥immovilized® Wphysico-chemical
are placed alons the horizontsl axis,

Wei Y
W ! 4
. : /
] ' 7+
A z
6 4 2
/
7T
‘. o o *-
I
: ‘o 2 ol |
-p- -l -n o -l----‘--
0 2 T4 6§ 0 W

Figure 2. Content of free (a), capillary (b),
immobilized plus intracellular (c), and
physico-chemically connected (d) water in
sedge peat (R = 30%) for different moisture




contents W (g/8).
1 -~ values of complete moisture capacity
We (%)3 |
2 == quantity of solvent water W, (%).

The meagsured values of Ve and the values of the
complete moisture capacity of this peat W, as taken
from works /19/ are given alonz the vertical axis.
The horizontal broken line indicates the content of
physico-chemically connected water which is constantly
in moist peat and which is 70% for the given sample.
Using this graph it is possible to follow thechange .
in content of various categories of water in the
process of removing water from the peat.
For high moisture content of the peat which is
greater than its full moisture capacity W> w, , for
exarple, when W = 950%, the tested peat,
as is apparent from the graph, contains free water
wfree = 50%, capillary water wcap = 550% [See Note/,
intracellular and immobilized water wcdm = Wi ntracellt
Wy mmob * 280%, and physico-chemically connected water
Wpc = 70%. The drying of peat leads at first %0 a
loss of free water and then, when W< W, , to the
" removal of the weakly connected water of the large

pores, The role of the shrinkage of the material is

still not noticeable at this stage of drying. The

capillary forces are not sufficiently strong in order

for the deformation of the framework of the material

to occur. -This is concirmed in particular by works

[8/ and /16/, where it was shown by direct measure-
'_ments that the forces of capillary contraction and the _J
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T.shvinkage of the sample do not occur in the initial .-1

stage of drying.

" /Note/: As is known, the category of capillary
water is not determined by the indicator method and
therefore does not enter into the measured values
of w.. '

In the case of further lowering of the moisture
content, when the capillary pressure forces grow,
it becomes possible to squeeze out the intracellular
and immobilized water, This also is facilitated by.
the shift of the dispersion and ion equilibrium in the
‘direction of the compact coagulation which occurs .
with a lowering of the moisture content of the system.,
In this case the intracellular and immobilized water
become capillary water and are evaporated during the
drying. The same water removal process as a result
of a decrease in the combined water content for un-
changed values of the capillary water content is
observed during the mechanical pressing of water
out of the peat /5, 7/. When the water content of
sedge peat is lowered to approximetely 400%, there is
slso a noticeable decrease in its absorptive ability -
/197 and complete moisture capacity (see Figure 2)
which can be explained in part by the irreversible
changes which occur during the dehydration of gels and
plant residue.,

Figure 3 shows the results of one of the tests
of drying samples with the radioactive marking of
only the intracellular water; these results confirm
our position., A fraction of 0,25=1,0 mm of lowland

]sedge.peat which had been washed on sieves and which |
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rconsisted of mainly plant residue wus placed in a
flask and covered with a concentrated solution of a
radioactive indicator (Na,§0, with 8°°), After three
days the batch was washed on a filter with a 4%
solution of non-radioactive Nazsq4 until the indicator
wes completely gone from the free water, Little balls
were formed from the sample which had thus been rre-
pared and their drying was observed. As a result of
such preparation the samples were marked with only
intracellular water into which only a small quantity
of radioactive rarking was diffused during the three
days. Because the capillary water of the peat
contained the non-active salt in higher concentration,
the reverse diffusion of the indicator from the intra=-
cellular water into the free water was artificially
hampered. As can be seen from Figure 3, The radio-
active marking appeared on the surface of the sample
with a large delay, only after more than half of the
water which had been contained in the peat was
separated from it, Because this sample contained
vasically only capillary and intracellular water, the
results of the test clearly indicate that at first
pure water which filled the large capillary passages
'was removed and only later was the marked
intracellular water removed,
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Figure 3. Results of observations of the
drying of a roughly dispersed fraction of
sedge peat with radioactive marking of the
intracellular water.

1 -~ moisture content of the sample W (g/g);

¢ -- speed of drying q; 3 -- specific activity
of the surface of the sample N' (impulses/min'l).
After the removal of the weakly connected

intracellular and immobilized water, the dehydration
of the microcapillaries begins, As can be seen from
Figure 2, when the moisture content is close to
200-250%, practically no weakly connected water remains
in the peat being tested. The beginning of the
‘removal of water with higher connecting energy, which
corresponds to the first eritical moisture content,
leads to a change in the drying speed. As can be
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rseen from Figure 1, for this moisture content there -—]
is also a change in the mechanism for transferring
moisture; the transfer of moisture primarily in the
form of vapor gives way to liquid transfer which
occurs along a system of micropores. The B, coefficients
in this increase, which is evidence that air is being
squeezed out of the pores as a result of shrinkage
and of the elimination of the internal evaporation
front. The capillary contraction forces, as was shown
in /87, reach a maximum value for Wyqo

The removal of microcapillary water ends when
the moisture content of the peat is close to the con=-
tent of wpc. At this moisture content the drying
mechanism again changes. The removal of the physico-
chemically connected water begins, as evidenced by the
fact that in all cases there was a coincidence of the
second critical point on the drying curves, wk2 with
¥y < 100 ® wpc (see table), The removal of the most
strongly connected water is accompanied by irreversible
changes (hydrophobization) of the colloid fraction of
peat /20/. The agreement of the second critical point
with the wpc content has been shown in a series of
works for other dispersed materials [%, 21, 22/,

The results of the research indicate that in
accordance with the views of P,A, Rebinder /18/ the
removal of different categories of water during
drying occurs in a strictly set sequence depending on
the enefgy of its connection with the solid phase,

The data which we have obtained confirme the results
of the research of M.F. Kazanskiy /23/ and L.A,
| Lepilkina and F.M. Polonskays /247 which were obtain_o;_j
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bey other methods of analysis. The specifics of the ~_]
hydrous properties and structure of the samples of
peat under study which contain intracellular and
inmobilized water leads, as was shown above, to some
differences in the nature of the transfer of moisture
and shrinkage which have been studied in the work.,

1t should be noted that the conclusions which

we have made on the mechanism of moisture transfer
arvly only to the case of isothernal drying under the
established conditions of the test regime. They cannot
however be applied to other methods and qutems of
drying. However, such investigations can‘lﬁﬁgonducted
in each particular case with the help of methods of
research which have been developed. The employment of
these methods makes it possible to analyze phenomena
which take place in the drying of materials which
can be used in developing optimum systems for
technological processes.,

Symbols

q -- speed of drying; Y -- volumetric weight;
'ﬁ;-- coefficient; €; ~-- intemral criterion of phase
transformation; Pd -- content of dry matter in the
test somples; aq, -- gpeed of drying (in a period of
constsnt spee@); Wieps WMo == moisture content
corresponding to the first and second critical points
on graphs of the speed of drying; Wg == moisture
content et which a change in the coefficient of
volumetric shrinkaze was observed; WN;iOO -- moisture
content corresponding to the end of the removal of

_ the radioactive indicator to the surface of the I__J
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T—sample; B, , B, -- coefficients of volumetric shrinkagé-1
in the initial period and at the end of the drying;
Mo, M == quantity of moisture transferred to the
surface of a sample by the liquid mechanism during a
period of constant drying and during the entire period
of drying, expressed as a percentage of the total
quantity (solvent indicator) of water; Wy inasell?
wimmob -- accordingly, the content of intracellular

and immobilized water.

Summary

T"he mechanism of moisture transfer and the
process of structure formation in the drying of
colloidal capillary-porous bodies of various
dispersities (peat, clay) are studied using previously
developed methods.

- In the drying process the liquid mechanism
becomes more important at the first critical point on
the plot of the drying rate. The second critical point
corresponds to the bexinning of the removal of the
physico-chemical bond water. A change in the. shrinkage
rate in highly dispersed samples is observed at low
values of moisture content. This phenomenon results
from the action of molecular forces. It is shown that
the sequence of removal of various kinds of moisture
from the material being dried depends on the bond
energy of the solid phase.
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THE INFLUENCE OF THE MINERALOGICAL COMPOSITION OF
ARGILLACBOUS SOILS ON THEIR PROPERTIES

N.Ya. Kharkhuta and Yu.M, Vasil'yev
Brench of the All-Union Scientific Re-
search Institute for Roads and Highways,

Leningrad

Experimental data is cited which
indicates the influence of the mineralo=-
gical composition of argillaceous
fractions of soils on their physico-
mechanical properties and stability under
the action of water and frost.

The influence of the mineralogical composiﬁion
of argillaceous soils on their structural properties
has been revealed through appropriate tests of soil
nixtures which had been selected so as to have a pre-
dominance of minerals of different groups in their
afgillaceous fraction., Soil mixtures were prepared
from pulverized soil, sand, and different clays.
Concrete clay (ascanite from a deposit near Makharadze)
served as a component for obtaining soil mixtures of
which the argillaceous fraction consisted mainly of
montmorillonite, Cambrian clay (Leningrad) was used
to obtain soil mixtures in which minerals of the
nydrated mica group predominated in the argillaceous
fraction; kaolinite soil mixtures were prepared from
clays of the Glukhovskoye and Latnenskoyé deposits.

 The coﬁponents were selected in such a way so
a8 to obtain soil mixtures which in one case would have
the sare granulometric composition of the mixtures
and in the other case would have the same specific
Lj?rface. In preparing mixtures of the same granulo- __J
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'-;etric composition, the argillaceous part was selected

'[5askatyvaniyq7 limit so that according to the measure~

10

according to the total content of particles smaller
than 0,002 mm,
If we consider that in the case of the pre-
dominance of minerals of the montmorillonite group
the arzillaceous fraction consists mainly of particles
of considerably smaller sizes than in other soils,
then the selected mixtures can only arbitrarily be
indicated as having a certain granulometric composition.
Nevertheless, in evaluating soils for engineering- |
construction purposes where there is also not a divisiom
of the argillaceous fraction, all these mixtures will - N
be considered as being soils which have the same o :
granulometric composition. o §
The specific surface was found by calculating B
the moisture equivalent for the flattening

ments .of Deryagin and Karasev /)7, the thickness of s =
the film of the bond water would be 0,15-0,20 microms, ~ = |
In this, according to Grim /27, the assumption was made |
that the thickness of the film of bond water was
independent of the mineralogical composition. of the
g80il. The determination of the specific surface was
also performed using the measurements of Avgustinik
and Dzhansis /%/.

For each of the soils which were prepared in
this way, the fluidity /tekuchest'/ point, plasticity

~ point, and ultimate strength were determined. An

evaluation of the degree of compaction was performed
based on the results of the "standard compacting"

L_plck has found wide employment in road, airfield, and __J
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r;ther types of construction, In this the optimum

1

moisture content W, and the maximum standard density

5max were deternined. The soils were also tested for

_ereep /polzuchest'/, which nede it possible to compare

their degree of resistance to external loads and to

learn the nature of the deformatibn change with respect
to time. The tests for strensth and creep were conducted
during ths deformation of soil by a round stamp.

‘The form with the soil had a diameter of 100 mm and was

127 mm highs with a diameter for the stamp of 30 mm
this minimized ‘the effect of the bottom and sides of

 the form, Execution was accomplished with a lever

press with a water load. In the test for creep the
stamp was loaded through the lever press with an
instantaneous unstressed load which was maintained
over the course of 30 minutes. The size of the load .
was selected so that the stress on the surface of the
goil would be one half the ultimate strength of the
soil, ' By an ultimate strenpth 6, we mean a stress on
the surface at the point of contact of the stamp and
the soil at which it begins to break down., The ulti-
mate strenghts are determined according to the curves.
of the relationship of reversible deformation to {the
stress for soils with optimum moisture content which
are compacted to the maximum standard density /&/.
The soils were also tested for creep under the same
conditions,

A determination was also made of the effect
of the mineralogical composition of the soils on the
frequencies corresponding to their maximum tixotropic

“ngwering of strength /this work was conducted with the __|
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l-;articipation of V.l. Iyevlev, M.,I, Kapustin, and
Yu.N. Starodumoz]. For this purpose an "Askaniya"
vibration stand was used which made it possible to
obtain different vibration regimes with frequencies
of up to 600 cycles, Here the soils were placed in a
cylindrical form which was 100 mm in diameter and
127 mm high and which was securely attached to the
vibration table of the stand. From the surface the
rressure was conducted throuch a stamp 98 mm in diameter
by the pull of rubber lines so as to obtain a stress .
of 0.2-105 d°m'2. The vibration regime was selected
80 that.the acceleration which was developing during
the oscillating movements was in all cases equal to
8 g« At the same time separate identical samples of
soil were subjected to vibrations of various frequen=-
cies which made it possible to find such values
for them which met the maximum tixotropic lowering of
the strength of the soils, The latter were established
from a volumetric weight of soil which was obtained
in a set time and which at these frequencies reached
a maximum value and also visually from the abundant
formation of moisture and from the rapid and consider-
able deformation. 3

- In order to obtain a more complete description

of the effect of the mineralogical composition on the e
construction properties of soils it was necessary to
compare their tendency toward swelling and frost heave, .
The soil samples were prepared in ring forms with an
internal diameter of 102 mm and a height of 82 mm /5/.
The sides of the forms consisted of separate rings whish

”ngovided for free increase of the soil volume during
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'l-gwelling and frost heave, The lower part of the forms .
consisted of a water chamber connected with pipes
which provided for continuous feeding of water which
could come either without pressure or with some small
pressure which in these cases was taken as being equal
to the height of the sample.

In testing for swelling, soils with a moisture
content of 0.8 wp, (w, is the flattening limit) were
formed to densities at which the volume of the pores
containing air was 5% of the total volume of the
samples, The water saturation was conducted under
pressure. The freezing of the samples was conducted
in a coolzng chamber at a temperature of =5 C which was
automatically maintained with an accuracy of +1°
The forms which were placed in the cooling chamber
were insulated with slag cotton so as to provide for
freezing the soil only from above., This freezing
proceeded at a speed of 1,5-2 cm/day. Water was supplied
to the lower parts of the samples without pressure.

All tests were repeated no less than five times,
Departures from the average did not exceed 10-15%; '
therefore, the accuracy of the determinations can be
considered as being satisfactory.

The results of the work are presented in the
table below; the graph in Figure 1 gives the relation-
ship of the flattening level to the content of argil-
laceous particles of different mineralogical composition
in the soil mixtures. The creep curves are.given in
Figure 2. No noticeable effect of the mineralogical
composition on the frequencies of maximum tixotropic
_J_;gwering of strength was detected, Under these con- __l
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ditions they were in the range from 150 to 200 cycles.
Table

Results of testing soil mixtures of different
mineralogical composition

: (2.0 [yl 1) gl .
Coaepmanve 3 % ¢paxu%n :‘t b c&:ﬁ;ﬁk ‘g‘ 4%
PasAHunMIX pasmepos (mx) | . ag ynaorienus | jo: g ¢
e HH e §
Fpywru o [ IERIE[RS [R5 | £ B
O ez |e 28| EHE 33 | 5s |4 | 2 S
1121214 |2 |3 A6 115
Q —~ ”?
AN Bl B B § ,g.‘gg ts- i L
olelo|e|e == *
1. OanHaKOROrO FpanyAo-
METPHUECKONO COCTa
mag:cmonucruﬁ “ 6 | 12114|45]| 23 |2717]10] 1,77 | 17,9
NoxTMopHAnonnTosiitjs3| 1] 3 | 15| 13 | 45 | 23 [52126/26] 1,53 | 26,0
KAOAHHHTOBHIA (Wa aat: : l
weHckeRt ranue) b 1[.8 |10 14| 44| 23 [28{18]101 1,72 | 18,2
KIOHHKTOBWA (K8 ray- .
X0BCKOH rlmue)(u) 4 |14 11| 48] 93 |27117(104 1,71 | 18,4
Il. C' oanHaxosoRt yaenw-
Holt nosepxioctio I8
ruapocaouetnt 44 [ —| 1 | 13| 14 | 49| 23 (28)1810 1,77 | 17,2
muopunmgmoauu.lg 1| 2 |17]14]52] 14 {4222{20{ 1,55 | 26,0
KSONHHHTOBWIA (Ha .
Ju'rueuemi}i rfmme)’l,b; 1] 2112 14]49] 22 [30[18]12} 1,70 | 18,3
KaoAHHUTOBMIN (Ha
rAYXoscxoh rSmne)([[ =l 1114f11]|49]|2 28‘!8 10; 1,69 | 19,0

Keys: |
1. Soils 4, TFluidity
2. Content in % of fractions limit, %
of different sizes (mm) 5. Flattening
L_ .3, Less than 0,002 limit, %
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6.

8.

10.
12,

14,
16,

18,

Plasticity number

Maximum density,
grams/cm3

Swelling
Ultimate strength,
10'5(n-m'2)

Hydrated mica
Kaolinite (Latnenskaya
clay)

Same spécific surface

79
9.

11,
13.

15,
17.

Results of -1
standard compaction
Optimum moisture
content, %

Frost heave, %

The same granulo=-
metric composition
Montmorillonite
Kaolinite (Glukhov-
skaya clay)

Wy
i)
i ]
/

2wt . !

%

ay ] s 2
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Figure 1. Relationship of the flattening limit wp (%)

" to the quantity of argillaceous particles N($).

1l e Kaolinite soils; 2 -- hydrated mica soils;

3 -- montmorillonite soils.
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Figure 2. Relationship of the deforiuation in

the process of creep A (mm) to the time
t (min), )

1, 2, and 3 -- See Figure 1,

From the table it is apparent that the fluidity
and flattening limits of hydrated mica and kaolinite

8oils are close to each other, but for montmorillonite
soil they are considerably higher, especially when

8oils are compared which have the same granulometric
composition but not the same specific surface, The
somewhat specific position of the montmorillonite

soil can be explained by the mobility of its crytallino
L_latticework which legds to an increase in the specitic__J
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surface and consequently in the content of bond water,
Therefore the maximum standard density of this wsoil
was considerably lower and the optimum moisture content
bigher than in hydrated mica and kaolinite soils where
these parameters were close to each other. A large
amount of mechanical work was always expended in order
to remove the water; therefore, in order to obtain
the same density, montmorillonite soils require the
expenditure of considerably more mechanical work than
is the case with hydrated mica and kaolinite soils.

The ultimate strengths of the hydrated mica and
kaolinite soils were the same but were 15-20% lower
for the montmorillonite soils. This difference can
be considered insignificant and can be ascribed to the
lower absolute density of the montmorillonite soil,

From Figure 2 it is apparent that the development
of deformation in the process of creep in all three
soils is qualitatively the samé; in semilogarithmic
coordinates this process can be reflected by a straight
line. At the save time it should be noted that for
the saze relative state of the soils and the same
relative load the deformation of hydrated mica soils
is considerably less. The nontmorillonite soils were
the most pliable with respect to an incident load.,

. . The kaolinite soils occupy an intermediate position;
however, in their deformative propértiee'they are
closer to the montmorillonite soils than to the hydrated
mica soils, The data which has been obtained makes it
possible to conclude that the influence of the min-

eralogical composition of the argillaceous fraction of
L.soils on the nature of deformation, its magnitude, - -.l d
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and also on the ultimate,étrength and compactness is -]
limited to a change in the quantitative indices and |
therefore can always be taken into account through
simple tests, Such tests include those for standard .
compaction and determination of the deformation

module and ultimate strengths of soils.

It is apparent from the table that if the swell-
ing of hydrated mica and kaolinite soils is pfactioally
the same, the swellingm of montmorillonite soils is
much higher; this can be ascribed completely to the
properties of the mobile crystalline latticework of
these minerals, Apparently the tests for swelling can
serve as an indirect method of detecting minerals of the
montmorillonite group in soils.

The mineralogical composition of the argillaceous
fraction has a significant effect.on the extent of
frost heave, as has already been noted earlier /6, 7/.
The kaolinite soils have low frost resistance, The
frost heave of these soils was three times as great
as for montmorillonite soils and 8-10 times as
oreat as for hydrated mica soils, The hydrated mica
soils have the greatest frost resistance; the
~ontmorillonite soils occupy an intermediate rosition
but are closer to the hydrated mica soils.

The great tendency of kaolinite soils toward
frost heave in a number of cases makes them un-
acceptable for use in building fouhdations under such
ensineering installations as road and airfield surfaces,
the upper portion of a railroad bed, etc. Even the
presence of relatively small amounts of minerals of the

|__kaolinite group in the argillaceous fraction of soils
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| can lower their resistunce to frost actions, as is
spparent from the test data shown in Figure 3 /&7,
From the table and Figure 3, for example, it is apparent
that if the argillaceous fraction of cohesive soil
consists of 20-25% kaolinite, its frost heave will be
1%-2 times higher than when the soil fraction consists
only of minerals of the hydrated mica group,

hy )
100 ”/”’,
15 /
0

o "w w0 3

Figure 5., Relationship of frost heave h, (%)
of polymineral soil to the content of
minerals of the kaolinite group in its
argillaceous fraction ¢ (%).

Thus the influence of ﬁhe mineralogical content
of soils on their water and frost resistance is very
considerable and absolutely must be taken into account,

Summarz

Experimental data is presented which shows the
effect of the mineral composition of the argillaceous
| fraction of soils on their mechanical properties,




r_It is concluded that this effect on the ultimate -1
strength of the soil, on ites compositions, as well as
on the change mechanism and on deformation may be
found easily by simple tests. The effect of the
mineral composition is considerable with respect to
the action of water or frost. Montmorillonite soils
show the maximum swelling while kaolinites display the
maximum frost heave,

BIBLIOGRAPHY T

l, Deryagin, B.V., and Karasev, V.V., . L}
Doklady Akademii nauk SSSR (Reports of the Academy of : N 1
Sciences of the USSR), Vol 101, No 2, 1955, -

2. Grim, R.Ye., Mineralogiya glin (Mineralogy |
of Clays), Institute of Linguistics, 1956. y i

3, Aveustinik, A.I., and Dzhansis, V.D., |
zhurnal prikladnoy khimii (Journal of Applied .
Chemistry), Vol 24, No 4, 1951, ;

_ 4, Kharkhuta, N,Ya., Vasil'yev, Yu.M., and
Orkhimenko, R.XK., Uplotneniye gruntov dorozhnykh :
nasypey (Compaction of the Soils of Road Fills), State o
Fublishing House for Auto Transport Literature, 1958, |

5. Kharkhuta, N.Ya., and Vasil'yev, Yu.M.,
Inzhenerno-fizicheskiy zhurnal (Journal of Engineering S

Physics), No 9, 1960. ) .
6., Ducker, A,, Strasse und Autobahn, No 3, C

1956.
7. Kharkhuta, N,Ya., and Vasil'yev, Yu.M.,

Deformatsiya gruntov dorozhnykh nasypey (Deformation
of the Soils of Road Fills), State Publishing House '
_for Auto Trensport Literature, 1957. ‘ - ___J '

—_—Y3 —




i

THE BREAKDOWN OF HEATED METALS AND ALLOYS
IN AN AIR STREAM AT SUPERSONIC VELOCITIES

L.Ya. Nbssovbrov and V.I, Prosvirin,
Tnstitute of Engineers of the Civil
Air Fleet USSR, Riga

The high temperature oxidation of
metals and alloys in an air stream at
high speeds which is accompanied by the
corrosive-erosive breakdown and combus-
tion of the material of a sample is
investigated., The relationship of the
.average speed of the corrosive-erosive
breakdown of metals and alloys to a
series of active factors is established,

The high temperature oxidation of metals and
alloys in a gaseous stream has been studied by a
number of researchers /4-7/ and has been conducted
in heated furnaces through which various gas mixtures
have been circulated at speeds not in excess of
10 mesec™t.

In order to conduct such research in an air
stream at high velocities a special unit was designed
which consisted of a cylinder-type aerodynamic tube
and a heating device (Figure 1), The methods for
conducting the experiment were also worked out,




Figure 1. General diagram of the unit,

1 -- compressor part with operating cylinder;

2 -- forechamber with operating nozzle; 3 ==
elements of the electroheating system; 4 =-- oper-
ating part of the aerodynamic tube; 5 -- sample;
6 -- computer element,

Air wes forced into the operating cylinders

under a pressure of 5.9°10 .n°m."2 with the help of &

four step'comprgssor which had devices for cooling the
air between the steps and at the exhaust. In the

|_9perating cyliners the compressed air was cooled to
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"Thus the main wass of the moisture wuas removed from

the temperature of the surrounding atmosphere which was |
taken as 288°K. The condensed moisture was removed

from the compressed air when it passed through the
water~gseparating columns of the compressor and with the
help of the drain taps of the operating cylinders.

the air in the operating cylinders and on the way to '
thenm,

During the outflow of the compressed air from
the cylinders into the forechamber its temperature
is lowered, which causes a lowering of the deceleration
tenmperature. Thus, for example, in the investigation
when the flow speed changed from M = 1.3 to M = 3.0,
the deceleration temperature was determined according
to the teuperature in the forechamber which was measured
during the course of the experiment, Inasmuch as the
departure of the deceleration temperature from the
temperature of the surrounding atmosphere was insigni-
ficant ard the moisture content from this was increased
very little, the air in the pipe was sufficiently
dry. The approximate value of the absolute moisture
content was 9,81.10™ nem™>, .

The test sample which had a special. form
(Figure 1) was heated by the passage of an electric
current, The measurement of the temperature of the
sample was conducted by an optic method with an accuracy
of + 10° in the range of temperatures under investigation
(1073-1273°K), The speed of the alr movement was
0< M< 3, The time of action of the air fiow was
changed from 10 to 120 seconds, The angle of incline
of the sample with respect to the direction of the wind .J ,
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| flow speed (angle of attack of the substance) was equal |
to O- /3 radians,
The order of conduct of the experirment was as
follows, Before the start of the experiment the control-
rarulating apparatus was set in the position for the
operatins regime: T = const, M = const, T = const,
aat = const,
An operating nozzle which was set for a certain

M number was readied; the desired angle of attack of
the sample was set, After setting the desired temper=-
ature in the optical pyrometer and the desired exposure .
on the time relay a signal was given at which there :
was a simultaneous change of the sample temperature
and flow speed (M number) to the operating levels, ,
which required 2 to 3 seconds. When the sample and
pyrometer temperatures were equal, the "beginning of |
exposure" siznal was given and the time relay was
activated simultaneously. 'In the process of exposure
special care was given to maintaining the constancy
of the air flow speed and the sample temperature
(fine repulstion of the temperature was accomplished
through the use of a ballast rheostat)., Each new |
recime was operated with several control samples in .
order to establish an ampere-speed relationship '
(determination of the current strength required to
naintain the equilibrium temperature of the sample for ”:‘
a certain air flow speed). This provided for rapid ‘
heatine of the sample to the essigned temperature., The
air flow speed was Getermined by neasuring the differ-
ence hetween the full pressure in the forechamber and

"| the static pressure in the operating cross section . .J'
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| not to the whole sample but to an element of it con=-

- -

(the cross section in which the sample was located).,
The test samples were ;repared from calibrated sheet
material., The test material was Armco iron and complex
alloys with iron and nickel bases. ‘

The determination of ths total loss of weight
of the sample was made by removing the scale which
remained on it with a special reagent. The scale from

. the samples of Armco iron was removed with a reagent

of the following composition: 10% Hasqu + 1% formalin
+ H20; treatins time -- 2.5 minutes; reagent tempera-
ture == 308 to 213°%, In order to determine the

.corrosive action of the reagent with respect to the

pure netal (the determination of the protective action
of the inhibitor -- formalin), 50 non-oxidized samples
were treated in the given reagent for 15 minutes.

The average loss of weight of the samples after treat-

‘'ment was 4.905-10'6 n, i,e., within the limits of

accuracy of analytical scales. -

The removal of the oxide film from the sample
alloys was performed with a reagent of the following
composition: 20% HCl + % HN(')3 + S% H5P04 + HZO'

The temperature of th: reagent for th: iron alloy was

333%; for the nickel alloys it was 353°K; the treat-

ment tiwe was 3 minutes, In order to determine the
loss of weight of the non-oxidized sample due to the
etching action of the reagent 50 samples of each alloy
were treated at ths indicsted temperatures with a

15 minute exposure, The loss of weight was 1,5 for
thz first alloy and 2% for two other alloys. The
calculation of the corrosive-erosive breakdown applied

4,
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sistine of a disc 5 mm in diameter which had been cut
with a ealibrated punch from the center part of the
sample after it had been subjected to a blowing action
'(Figure 1). The initial weight of such a disc (equal,
for exanple, to 915-10'6 n for the first alloy) was
determined by a statistical method.

For this, 100 discs were cut from those places
on a calibrated sheet which occupied a similar position
to that of the cutting of discs following the blowing
of the sample. Then the weight of the cut discs was
measured and a frequency curve was constructed from
data, In this it turned out that the weight of 9%
of the discs from the first alloy was in the range
from 910-107° to~9l&;107§ n and only 10% had an average
deviation of a macnitude of -.1;8-10'6 n from the average
gstatistical weight., Thus the initial weight of a disc
was taken as being the average number from 90 measure=-
ments of different discs., e

A quantitetive indicator of the breakdown

pfocess was.the loss of weight (4 P) which occurred
in the formation of the scale, The total result of
the .decomposition of the sample during the operating
regine was determined from the average value of 3 to 8
experimental points,

- In studying the heat resistance of Armco .iron
in an air stream at high velocities the following
factors were investigated: “air stream speed, sample

temperature, time of exposure, and angle of attack of

the sample, .The results of some basic tests are shown
in Figure 2, ' '




~al points,

] 1 n ! Ve Y% Ma

a b
Figure 2. The corrosive-erosive breakdown of
Armco iron in an air stream.
a -- relationship of the average speed of
breakdown ag(n-m'zosec'l) to the speed of the
oncoming air stream (to the M number),
T = 1073°K; @,y = O radians; I, II -- T= 10;
30 sec; b -- relationship of the average speed
of breakdown ?g (n-m'aosec'l) to the angle
of attack of the sample & .. (redians),
M= 1,55 Ts= 10 sec; I, II == T = 1173%K;
1073°k; 3, 4, 5 -- number of averaged experiment-
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In order to explain the influence of the air
stream speed on the speed of breakdown of iron the
following charscteristics were taken: current density
(or average gravimetric expenditure per unit of area
of the pipe) and the average flow of kinetic energy
per unit of area of ths pipe; these were determined

by the appropriate means /97, |

The action of an air stream on heated metals
and alloys is manifested in the corrosive-erosive
breakdown of their surface layer. The extent of ‘the
corrosive (physico-chemical) action of a gas stream
on a sample is characterized by the speed of scale
formation which depends /1Q/ on the speed of bringing
atoms from the media which border on the scale (from
the ges or metal) to the dividing surfaces between
‘these media and the scale and on the speed of diffusion
through the scale,

The speed of bringing oxygen atoms depends
on the speed of movement of the guseous medium (air)
over the metal being oxidized. In an aerodynamic
tube ths parameter which describes the number of air
particles (and consequently the number of atoms of
oxygen) and their speed of movement is the gravimetric
ewpenditure .of air per unit of area of the cross
section of the tube,

The erosive (mechanical) action of the air
flow on the sample occurs under the action of the
tanrentiasl stresses from the friction forces in the
border layer, the action of which can be evaluated
approximstely from the change in kinetic energy of the

| atr flow, '




In a subsonic flow regime the influence of the ‘
air flow speed (M number) on the corrosive-erosive
breakdown of Armco iron can be explained with the help
of curves (Figure 3). From Figure 2a it is evident
that in the interval from M = O to M = 8 the speed of’
the corrosive-erqsive breakdown increases, which

corresponds to the increase of Iw and Ekin in this
interval

=

&

0 [ F ) [ M

Figure 3. Relationship of the average flow
of kinetic energy through a unit of area
of a pipe By, (joulesosec'l-m'z) and the
average density of the current Iy (kg-sec'lo
m'a) to the speed of the air stream (M nume

ber).

The transition fron subsonic to supersonic
‘_gpeeds nas not been investigated due to the absence _J
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of a stationary flow regime, the presence of a sharp
increase in aerodynamic loads and vibrations which
introduce distortions into the experiment, and the
impossibility of exact measurement. of the values of the
parameters of the air flow,

At supersonic speeds (M > 1) the nature of the
flow changes due to the apyearance of a compression
Jump {n front of the sample.

In order to explain the effect of the flow
speed on the speed of corrosive-erosive breakdown
it 48 necessary in this case to consider the change
{n the parameters of the air flow at the compression
Jump. In the supersonic regime of the flow up to the
nurber M5 1.8-2.0 (Figure 2a) there is a lowering
of ths average speed of the corrosive-erosive breakdown

whieh corresponds to the lowering of the gravimetrie
expenditure when M) 1 (Figure 3) and to the lowering
~of the kinetic energy behind the jump, Despite the
inerease in the total supply of kinetic energy in the
ranee of M's under study, the portion of kinetie
energy acting on the sample decreases because part of
the kinetic energy is lost in the compression Jjump,
At a considerablz increase in the speed of the flow
(M > 2), the portion of kinetic energy acting on the
sample will increase, which will cause a small increase
in the speed of the corrosive-erosive,breakdown of the
Armeo iron, '
AR increase in the exposure time from 10 to
30 seconds (Figure 2a) caused a lowering of the average
speed of breakdown throughout the entire range of M
| aumbers which were being investigated,
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This indicates that the scale on the Armeco
iron under the conditions of the experiment possesses
protective projerties and that as a whole the process
of the breakdown of the Armeo iron at the selected
‘temperatures has a corrosive character, ‘

The results of the investigation of the
influence of ths angle of attack on the corrosive-
erosive breakdown showed that the air stream has the
maximum destructive action on a sample of Armco iron
of an angle of attack of approximately T /6 radians .
both for subsonic (the experimental data is not given
hefe) and supersonic velocities of the air strean
(Pigure 2b), Similar results were obtained in dustyf
568 streams /11, 12/ at high subsonic speeds. Such
investigations of an air stream are unknown. The
maximum breakdown of th-: sample at an angle of attack
of W/6 radians can be explained with the help of

. Newton's impact theory (considering the viscosity of

the medium),

The maximum speed of the corrosive-erosive
breakdown at an angle of attack of /6 radians
should be connected with the fuller utilization of the
kinetic energy of the molecules of air upon impact with
the surface of the sample., This condition is met for
8 certain ratio of normal and tangential components
(with respect to the surface of the sample) of the
quantity of movémegt of air molecules, :

The initial investigation of the influence of .
temperature on the heat resistance of the first alloy
was conducted in an immobile gas medium (Figure 4a),
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Figure 4., The kinetics of the corrosive=-
erosive breakdown of alloys with iron and
nickel bases.

a -- relationship of the loss of weight of the

samples of the first alloy %r- (n/m ) to the

temperature of the sample T (°K), M = O3

« 0 radians; I to V -- T = 10; 304 603
120~ 36 seconds; b -~ relationship of the
average speed of the corrosive-erosive break=-
down of an alloy ¢ A— (nem” .eec ) o0 the air
stream speed (M number), = 10 seconds}

@y = O Tadians; I and II -= 1T = 1373 173K
¢ -~ comparative evaluation of the heat resistance
of alloys with an iron base, nickel bases, and .’J

g
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| ~of Armco iron, M = 0.,8; & " 0 radians; i
I and II == T = 1273; 1473°K; 'd == Armco 1ron;
e, h == alloys with an iron base; f, g -~ alloys
with a nickel base; 3, 4, 5 == number of
- averared experimental points,

For all tests of exposure the relationship
of the loss of weight to the temperature had the |
gsame character., Up to a certain temperature area of
? 1373°% £ 1 £ 1423°K oxidation proceeds slowly; at
temperatures above the indicated area the heat resistw
anée decreases sharply and this is expressed in a
sharp increase in the weight loss of the sample.,
The sharp decrease in the heat resistance of
BN an .glloy having an iron base at T 2 1373%
' coincided with the appearance of an external,
easily removable (upon cooling) layer of oxide on the
surface of the sample, This oxide (on a cooled sample) °
had a dull sray cast end possessed magnetic properties,
The sharp drop in the heat resistance of the
first alloy in the temperature range from 1373-1423°K
for the case of double-layered scaling on the alloy
can be connected with a rhenomenon which has already
been observed in a series of works /)] -- the
vaporization of Cr203 at temperatures from 1573-1473°
If the oxide enters into the composition of a more
complex oxide (for example, of the type of the
spinels Ni0-Cr 0z, Fe0+Cr 05, etc.), then there is
a preliminary breakdown of this complex oxide. o '
I'rom the outer layer of the scale of the alloy
| the oxide Cr,0; vaporizes with the preliminary breakdown |
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of oxides of ths type of the spinels Fao'0r205 andl
NiO'CrZOB. ' .
The relationship of the speed of the corrosive=

1

erosive breakdown of tha first alloy to the air streanm -

speed (Figure 4b) was investigated in the range of

. speeds Og M< 3 at the temperatures of 1373 and

1473°K. The exposure time was 10 seconds, An

explanation of the course of the given of the given

relationsh;ps at subsonic and 8supersonic speeds was
accomplished with the help of averaged parameters

of the air stream Iw and Ekin (Figure 3) similarly to ‘

the'explanation for Armco iron., The higher speeds

of the breakdown of an alloy at the tenmperature

1473% in comparison with the temperature 1373%

were based on the more intensive course of the seconde
ary reactions in the scaling of the alloy, which |
causes an intensification of the erosive breakdown of
the scaling,

Heat resistanceqo: the first alloy was comparid
with that of the second alloys and Armeo iron at
¥=0.8and T = 1473° and 1273% respectively (4¢),

Figure 4c shows the time relationships of the
loss of weight in corrosive-erosive breakdown., The
fading nature of these curves points to the pre=
valence of the corrosive process in the. total process
of breakdown and to the protective properties of tQQ
scale of the test materials,

Iron at T = 1273°% and at a flow speed of
M= 0,8 in a period of 120 seconds lost approximately
7.5 tines more weight than the first alloy (curves
d and e). At T = 1473% in an immobile medium the
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' through a unit of area of the pipe,

" heat resistance of the first alloy differed little |

from the heat resistance of the second alloys; where~
a8 in an air flow at M = 0,8 and at the same tempera-
ture the heat resistance of the first alloy was consider=
ably lower than that of the nickel alloys (curves
f, 8y and o), In addition, the alloys with an iren
base experienced combustion in high-velocity gas
streans,.

 In our experiment, for example, buring of the:
first alloy was observed at T & 1493°K and an air
stream speed of M2 0.8,

The posaibility of the manifestation of such

@ process of burning is provided by the high iron
content in the alloy. In an immobile gaseous
wedium a sample of the first alloy experienced completo
breakdown as a result of melting at T = 1643°kK,.
had found earlier that the burning of iron in an air
stream occurred at M> 0.8 and 7 = 1573°, which _
coincides with some calculations on the determination
of the theoretical consumption of air (of the air stream

speed) required in order to maintain a stable burning

process,

Symbols

T -~ sample temperature; M =- coefficient for
the speed of the stream; T -~ exposure time; ¢ at =
angle of attack of the sample; AP/s == relative lou
of weight of the sample; AP/st -~ average speed of
the breakdown of the sample material; I == current
density; Eyqypn —= average flow of kinotic energy
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Summary

The results of a study of heat resistance of
metals and alloys in an oxidizing medium at high
velocity are presented, For the experiments a
special unit wus designed and appropriate methods
were worked out. As a result of the investigation a

lationship was established between the average
velocity, the time of heating, the sample temperature,
and the orientation of the sample to the air stream.
Combustion of iron and jron-bearing alloys was also
found in an air stream moving at a high velocity.
The heat resistance of iron and of soue heat resistant
alloys in an air stream at a high velocity were
compared.
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THE EFFECT OF TRANSVERSE MASS PLOW ON THE
RESISTANCE AND BEAT EXCHANGE ASSOCLATED
WLTH THE TURBULENT FLOW OF A COMPRESSED GAS

Pe No Rcmm
V. N. Kharchenko,

Porest Engineering Institute,
Moscow

‘The results of experimental investigations
are reported on the effects on heat exchange
end resistance of various gases to injection
through a porous diaphragm into a turbulent
 boundary layer on & horisontal plane.

One of the effective methods of protecting stream=
line surfaces from the sction of high temperatures or
kinetic energles is the injection of liquid or gas cool-
ants into the flow through a porous diaphragm. For this,
in order to design a porous cooler, it is necessary to
have relisble methods of determining thermal floW and
frioctional resistance on the streamline surfaces upon
the admission of mass into the gaseous flow. The ture
bulent boundary layer offers the most practical inter=
est since it prevails in devices for which porous coole-
ling is necessary. However, even in those cases when no
transverse mass flow exists, a laminar boundary layer is
established and the injeoction of the coolant dis:upts
the stabllized flow and changes the laminar flow into a
turbulent flow. Consequently, the problem of heat exw
change and resistence betwsen the substance and the gas,
xixoving relative to each other, during gorouo sooling

eads to the establishment of methods for determining
the coefficients of heat exchange and resistance in the
Loonditionl of a turbulent baundary layer. - . _|

2
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l_ Various approximation methods of ean analytical aolu:-l
tion of the problem have been developed, based on diagrans
of the actual flow conditions and the introduction of a
large number of slightly valld assumptions, and also ade
ditional experimental data {1-5, 7, lli, 1§]. The results
of experimental works on the effect on heat exchange and
resistance of the injection of air into a turbulent bound=
ary layer on a horizontal plane have been published in a
number of works [2, 6, 8-11]e They show that with ine :
creased consumption of injected air, the coefficients of ' 11
heat exchange and resistance are diminished. However, . .
the values of these coefficients, obtained by various B l
authors at identical conditions differs considerably.

A short sumary of the works on porous cooling
1s given in [17].

The results of investigations on frictional resis=- :
tance and heat exchange upon injection of air, helium, : S
carbon dioxide, and freon-12 into a turbulent boundary ~ :
layer of heated air on & porous horizontal plate.are pre-
sented in the present work. Experiments were conducted
on an experimental section (Fig. 1), representing a rec~
tangular thermally-insulated duct which has a porous
copper plate with a 50% porosity in the bottom membrane
measuring 300x60x8 mm([Note]: The plate was made by the
Chair of Physical Metallurgy, Gor'kovskiy Polytechnic
Institute). Dimensions of the experimental section were
420x150x80 rm, o )

Injection of gases through the porous plate was ' O
accompolished by excess pressure produced in the tank '
under the plate. The injected air was supplied to the
tank from the air compressor recdeiver and the other
geses from a bottle through a pressure reductim valve, ’
The static pressure drop on the plate was checked by
a differential mercury manometer. The consumption of
injected gas was determined according to a previously
constructed calibrated graph at certain temperatures :
and pressure differentials of the plate. At the given ' N
conditions, the volumetric porosity was determined on & ‘r
special wo'ighing device according to the volume of dis=
placed water from the measuring tank by the gas passing
through the plate. Weighing of the porous plate was
done before and after the experiment.

The oxﬁrimntal section was part of the devioce

desoribed in [21]. .
The following quantities were measured during the
experiment: air pressure and temperature at the heater

L_ogtlot (front of the jet); the dynamic pressure, and alsol

1
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Fig. 1 Diagram of the Experimental Section N

Pitot micro=tube

Statioc pressure check points
Boundary layer suction
Porous plate

Plate thermocouples
Injeoted~-gas feed line

Side expandible meabranes




| the temperature of the air flow at 8 points along the '-!
length of the plate; the static pressure at 10 points; the
temperature at five points on the inside surface and at
five points on the outside surface of the plate; and the
temperature of the injected gas in front of the plate.

The dynamic pressures in the boundary layer and in
the streamline of the check points were measured with
pitot micro-tubes connected to differential manometers
f11led with water or ethyl alcohol., Flow temperatures
vere measured with moveable chromel-alumel thermocouples
at the same points as the dynamic pressures. A record
of the alr temperatures at all points was made on the
tape of the electronic balancing potentiometer,

The pitot micro-tubes and mi cro-thermocouples were
placed along the center of the plate by using a coordi-
nate system which made it possible to measure the dg-
namic pressures and temperatures at check points 0,05
mm apart. Simultaneously, the fields of dynamic press-
ures and temperestures along the sides of the plate were
measured at the first and last points. The measurements
showed that the distribution of flow parameters along
the width of the experimental section was uniform. Tempe
eratures of the plate and also the injected gas were mea=
sured with chromel=-aslumel thermocouples and recorded
with the aid of a PP-25 portable potentiometer.

For providing a bujld=up of the boundary layer
at the front of the porous plate, suction of the bound-
ary layer was carried out at a distance of 65 mm from
flow intake onto the plate.

Prior to starting the experiment, the plate was
heated to a presoribed temperature and held constant
throughout the experiment. The required plate temper-
ature for the given experiment was determined on the
basis of previous works.

Reynolds number for the experiments ranged from

105 to 5 x 10°, The &njectim-raSe ratio QwMw/RQiu; was
measured from 1 x 10™%+ to 7 x 1077, and the temperature

of the air stream -- from L50° to 550°K. Temperature range
of the plate was from 375° to L,20°K and the flow velocity
ranged from 25 to 75 meters/sec.

Graphs of the velocity distribution and tempera-
tures for each cross section were plotted according to
data from measurements of the dynamic and static press-
ures, flow temperatures at the check points of the bound~
ary layer, and plate temperatures. The integral proper-

. L_ties of the boundary layer; 6, &%, and @ were determined 4

I b L




r-bz these graphs, Graphs of the change of these propsr= -
tles along the length of the experimental section (along
coordinate X) were then constructed. In addition, graphs -

of the change p, u3, T;, and 1 along the length of the
seotion were constructed. All“these data were used to
caloulate the coefficient of frictiomal resistance ‘{ and
h:;t ig.:it Quw o:é the poroui %]i“. sh?“:;mgthtobm in 031-;
ral se and engery relationships for e boundary layer

For determining the flow rate in the boundary lay=
er, the following initial equation was used:

=)/ 0l (2)

The quantity ¥, associated with the injection of
air, was determined from the equation of state, p=YRT,
acsording to the measured pressure p in the ocross section
in question and according to temperature T at the given

point of the boundary layers
" For determining the specific weight Y (or density

Q) of the mixture during injection of He, 002, and frecn-

12, the fo om.ng ratios were used.
In [12] it was shown that in the case of turbulent

£1ow ar & horizontal porous surface one oan use
el SPULI
P (@)
The tangential force of friction on the membrans
B
dy /e (3)

On the other hand,

o= il )

The specific mass input of injected gas is ex~
pressed by the equation

j "!‘-"-“‘Pv (":‘{"). (5)

-1 =




Lo = R

=t (6)

Froin equation (2) we have:

" (du dp ) .
—] =~ (n
(dy) ( dy Jote
After substituting the expression for the voloo!.ty

gradient on the membrane in equation t3). by means of
equation (l4) we will obtain

(ﬂi‘).'—-é-'-Pn“n | (8)

Then on the basis of equations (5) end (6) it is pouiblo

to wﬁ.to
' (l-l'D Fv C] Plul) -],
™

be 2 Puls (9)

from which »
- P'- =y [l' + (s‘:bl)-il-l ' (10)
where

Som 2. b omlels _2_
DU' T

The density of the two-component gas mixture in
the boundary layer is

- L
gRT ’ (11)
'The gas constant of the mixture, R, is doteminod
accord.tng to the formula

Ren(-5)R(E)

L | | J
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Pig. 2 couparinn of experimental data with: mnt..'. '
of various authors for the coefficient of resistance -
uponinjwtionotdrmtwmmbomm
on a harisontal plates 1{19); 2<{10); 3=[L); U={3);.
S-{11]; 6=[16); (28]




2 o1&
P gm“(' R,)' (13)

| From equations (11) and (lg) we have:

The partial density ¢' of the injected gas is ex-
pressed by equation (2) :

v=n(i-3) (1)

1 : Taking into account equations (13), (1), and (10),
we bring equation (1) to the following forms .

b (B e

. Equation (15) represents a third degree equation
with regerd to the desired quantity us

_l__g..__(,_&).,._[__p_;J,(._s:) b ]x‘
1 \. R R, T R 1 R
& — 1 8ry 1/ | 4 — , .
Ty Tsn) @6 R

Xut+2hy, =0,

The flow velocities in the boundary layer Were
determined according to equation (16). The membrane
permeability parameter by was caleulated for the given
gpecific flows of the 1njjected gas ©, W, and the measured
glgamoters of the streamline Qu; aocor%i.ng to the for=

' Po Uy n
P StPr'e : \17)

The Stanton number was determined from the heat

balance equation o .
Stm Pelelm(Ty=Ty) . | B

L ettt (Tem Ty) a 4o
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[T Por determining the inherent values of the vesise |
tance coefficient cﬁalong the length of the streamline

surface, the integrdl relationship of impulses was used:

40  (H+2 du . 1dn\a_t% oS
a"’( 2 & +p.a)° -4, (19)
where
4 3. $
O .E.“—(l—-‘f-)d; Hate: 1% ( b
591“: w ) g - Pt “

-
]

The velues of the dimensionless coefficient of
heat exchenge, St, were determined by two independent
methods: fram the heat balance equation (18) and from
the integral energy ratio :

g_!+[_1_ du, + 1 d(T—=Ty) 1 dp =
d  |u dx T,—T, dx n ds

, (20)
_(enTy "ca!I-)P.v! - St
e (Te—Toltrth

whéro ' A
, pU
g= S-_...

§ il [%]dy

All the quentities encountersd in equations (19)
and (20), in additiom to op and St, were determined from
experimental data. : :

Experimental data for the effect of tranaverse
flow of air, helium, carbone dioxide, and freon~12 on
the resistance and heat exchange during non-gradient
turbulent flow of air around a horizontal surface were
correlated in the form of graphic relationships!

‘ (.cf':.) L (g-.) w1 0r)

._where b-p.v._?_; br'w" l .
b O Cumty Sty

L © Por determining op , speclal experiments were




| : r:onduotod. A horizontal 1.m-p-emeable membrane was bluéﬂ s 'f'-';-’;' cod
| od with alr at the temperature of the membrane and at - a R
|
|

values of Reysujx/w1, Which ocourred in the tests with a
transverse injected gas. The coefficient of resistance

Op, Was determined from the experimental data from the
integral impulse relationship '

46 |
B 0 =22 (21)

}

|

| 2 dx
The depth of impulse loss 6, during i sothermal

£ : streamline with air flow of an impermeable horizontal
i ~ membrane was calculated according to the forpula

' °u : u
p o= [t i)

In addition, values of ¢,  were oalculated by“tho
method of F. Clauser [1li] and phfzius' formila

\ & = 0,0206 ("ﬂi)%' (22) RN
2 “ :

£
and Clauser's method sagisfactorily agree with data of

formula (22). o
The Stanton number, St,, was determined by the

following formala [15]:

Test data for ¢, , obtained from equatim (21) ‘ Ll

_ 0,0296 Rez e
T 0BTARE ™ (Pr—1) ' o B

st,

-
L Pl

: vhere A=l.5 pp=0:67
: Tt 1s evident from Fig. 2 that an inorease in

the permeability parameter 1s accompanied by a drop
in magnitude of the resistance coefficient and for bE2

1s almost 20% of °fo°
" preventing the general tendency of Of/cro %0 do-.

orease with an increase in b for the data of the various
works is essentially different. Our data was similar to J

L
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r';o the theorectical data of -D], based on Prandtlts hno-:l
thesis on the means of mixing;~ [14], based on the boun= _ .
ary zones of resistance;and the experimental work of [l1l],
obtained in conditions which more closely approximat
the conditions of our experiments, Works [iJ, [, and
9] give too large, and work ,» too a effect:
of the injection on the coefficient of resistance.

-~ When injecting
ses of different mole-

S\ r
R HE
" |
s ®

descrease of resistance 0=3

g;su'lt; with tﬁ: tﬁnjeg- ' aeh
an: of gases & low 4,
molecular weight (Fig. 3)e ¥ B e e 4

Freon-12 reduces resist-

s

ance: considerably less %% ™

than alr and particularly %o |

helium, however, at iden- & "'i |
» d

tical lnputs of injected
gas,. the effectiveness of 0 W ]
heliim is considerably

greater in comparison with Mg, 3 Effect of the in=-
alr than air in comparison jection of various gases on:
with freon~12, Carbon the resistance coefficient:
dioxide takes an inter- l-freon=12; 2=005; 3-air;
mediate position between  l=helium

air and freon=-12,

The effect of in= §IJ
Jeoting gases of differ- St lq,} . A
ent molecular weight on ) 2 '
the heat exchange is shown 4e *f
in Fig. 4o Data of this as—+4A
graph shows that injection
of gases essentially re- 0
duces heat flow on the
membrane., It is signifi-
cant to note that injected @?
gaae_a :r difﬁerertzt molecu= . b=4

ar weight effect heat ex=- . .
change in approximately o % ” @ b'
the same way as they ef-  Fig., 4 BEffect of the in-
fect resistance, Helium, jJection of various gases on
having a very large heat the coefficlient of heat ex~
capecity, 1s a very ef- change; l-ij; see Mg, 3
fective coolant, whereas .

- freon=12, with a heat capacity cne=eighth the magnitude
Lof helium (in the investigated snditions), only slighte.

O‘A

Y

—m‘




r;eduoes heat exchange. The experimental points on the "] e R
aphs for carbon dioxide and air with intermediate - .- . .
.values of heat capaocity fall between the points for
freon-12 and helium. i

SYMBOLS

D == coefficient of diffusion T J
h -- diffevence in manometer liquid levels  im i g
¥h-- specific gravity of liquid in manometer
§ == specific mass input of injected gas oo

4 R, By, R! == respectively the gas constants for the mixe

ture of air and injected gas, undisturbed flow,

- and the injected gas ' - g

Re,, Reg == Reynolds'! numbers of the undisturbed flow , o

composed of x end @ o RpEE

T, Ty Tos Tuw T ™, T, - respectively, the tempera= g8

tures of the boundary layer, undisturbed flow, e
injected gas in front of the plate, the plates, .

1

adiabatic drag of the boundary layer, adiabatioc g o=
drag of the undisturbed flow, and the equilibrium '
temperature of the membranes '
o' @) =-- partial density of the injected gas in the
boundary layer and near the membrane
S¢ =~ Sohmidt number
bl -~ permeability parameter characterizing the effect
substance transmission over the surface’ of a
streamline body ‘

U SR

Indices =- 1, parameters of the undisturbed flow; 0, T ,
parameters for a plane impermeable plate in iso- . R S
thermal flow; &/, membrane parameters - .

SUMMARY

Gas injection into an air turbulent boundﬂ layer | ;i

decreases skin friction and heat transfer with small con- L

sumption of injected gas. -
Tn the experiments, air, hellium, carbon dloxide, = -

and freon~12 were injected through a porous wall. : -
It is shown that with inorease in the molecular

weight of the injected gases, their effect on skin fric-

tion and heat transfer decreases.’ T =l
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ra'itiona of reagent supply. The solution is obtained in —l
" a 6losed form and accounts fa eleotrochemical electrode
golari.ution and ohmic losses. Distribution of polare
gation and the process intensity are desoribed by ex-

pressions (31) and (32) respectively.
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PERFORMANCE OF POROUS ELECTRODES IN A
DIFFUSION PROCESS OF REAGENT SUPPLY

VQSO m'kiy ‘nd I.o. m‘ch’
Povers Engineering Institute, -

Minsk

" The problem concerning the distribution
of the electrodremical process by means
of electrochemical polarization and ohm-
{0 loss through a porous electrode of
finite thiclmess, operating in a diffu-
sion system,is investigated. A general
solution in the closed form is given.

in applied electrochemistry, the use of porous
electrodes, having a developed external surface, 1s
associated with desire to intensify electrode proces-
ses to the maximum and at the same time to obtain
noted specific propertles.

in comection with this there is much signif-
cance in question about the effective use of such elec-
trodes, explained by the macro-kinetic nature of the
electrode process, leading to a non-uniform distribution
of its intensity in the volume of the .elect de. '

in most of the published works [1-161, direotly
or indirectly related to the present question, the prodb-
lem concerning the intensity of the electrode process
in the volume of the electrode is solved (by one ap=-
proach or another) analytically, issuing from the gene-
ral theory of the field distribution in the olootr.ogyuc
cell (poisson's equation is used) by means of s=trans-
for processes [13-15] or without such transfer «10]+

In works [11, 12] the electrode is investigated as being

Academy of Sciences Belorussisa SSR, -

S ;

P



r.equipotontial, but the distribution of intensity for tho'.]
olectrochemical process in the electrode is associated .
1y with the process of mass transfer. In certain works : .

-3, 16], distribution of process intensi ty in the elecs - .
frode is studied with the use of an equivalent electrical
circuit in place of an electrode reducing the problem t0 - .
localization of currents in the elements of this oirocuite -
The shortcomings of such a method include the dirfioulty - = -
of simulating the transport processes which, in the con= . '~

- ditions of the {nvestigated problem, ar desoribed (&8
given below) by non-linear equations 3}. RN
In the presept article, in can rast the works =~
of 0. S. Ksenzhek 110, 12| and Le G. Ostin 11], the prob» =
1em concerning the operation of a porous electrode ina
diffusion system is investigated in a more eneral for= .

mulation and takes into account all forms losstboth - .

polarization and chmic) for en eleotrode of finite thioke= '

ness. " R S
We will study study the following system (Plge 3)o .

f

Fig. 1

a-=olectrical cell diagranm; be=distribution

of potential through the depth of the porous

olectrode: metallic skeleton of the electrods -

(1), electrolytic solution without current (2) ‘|
. end with a ourrent (3) ‘ , J y

- 12“5 -




["A porous electrods of thickness L vas submerged in an |

eleotrolytic chamber. In the present work, the case is
investigated ihere the reagents are elther electroneutral
molecules or the corresponding ioms of the eleotrolyte.
It is suggested that transfer of slectroneutral molecules
of the reagent and product in ths investigated system to

. the electrode==electrolytic chember 1s acoorpolished only

-

by means of molecular diffusion, and the transfer of ions
of the electrolyte--by means of diffusion and migration
in ‘the electric field of the electrode.

It is further suggested that the ionic concentra-
tions, comprising the working mixture and £illing the
electrode, considerably exceed the concentrations of the
electroneutral molecues of the resgent and produot. This
condition makes it possible to study the conductivity of
the mixture and, in addition, to disregard the diffusion
potential formed due t non-uniform distribution of the
ionic concentrations.

" Conditions are provided for maintaining constant
volume (in the electrolytio chamber at a certain distance
fram the electrode) concentrations of reagent .o“.' and pro=
duct oy or by means of chamber dimensions,or by means of
a continuous supply of reagent and romova.’l. of the pro-
duoct formed.

" In the steady state an amount of products equi-
valent to the magnitude of the current I flows to the
electrode and an equal amount of products, formed in
:h,edcourse of the reactions, is removed from the elec~

rode.

In the present work, during the study of -the
transport stages of the electrode prooess, the flow of
electroneutral substances (reagent or. product) are :

" taken into account. -

q1= —Dj qnadc. | (1)
Suppose that in the electrode a reaction of the

form below takes place .
v,P+...-w.l"l+...+n¢. . (2)

Agsuming the visible surface of tho eleotrode .
1s sufficiently large in order to neglect edge effects,

and the gtructure is very finely porous in order to
have the possibility to be diverted from a conorete ‘
structure and to study the electrochemical resstion 3




rt'acourr!.ng {n the entire volume of the electrode (as ﬁ.rm ‘
done by Ya. B. Zel'dovich 17 ), and to possibly change
to the study of a unidimensional problem,
Since the distribution of the intensity of the
electrode process (true current density 1) through the
| depth of the porous electrode is associated with both
_ the distribution of reagent and product concentrations . .
’ end the distribution of potential, then we will come to . Bl
| a system of two equations describing the funotion of the = . =~ -
| electrode, One of these is Fick's equation N e

C. = _:Li,— i, '
! ® "~ TaFD, (3)
and the other=-Foisson's equation .

Prior to analysis of the system of equations (3)
and (L), it is necessary to decide on the guitability of.
use of Poisson's equation in (k) because, generally T, e
speaking, it describes the distribution of the solution .
potential, . - MR N

Neglecting the resistance of the metallic skele= - -~
ton in comparison with the effective resistance of the .~ i
mixture in the pores of the electrode Rg=constant, we R :
obtain, independent of coordinate X, the dependence of - -
the metal potential Py (line 1, Fig. 1, b) and, if there =
18 no ocurrent, the potential of the solution (equilibrium). - -

; also independent of x (line 2), then under load cpp ‘
(x)(curve 3). | e T |

The potential drop on the electrode surface in =~ .

the absence of current is - '

AgPem 9, —h, (S)

and the potential drop for the electrods under load is
A9 = 9u — ¥ O (6)

Then polarization of the electrode 18 N_| |
nmAP—dp=g=h. ()

Differentiating (7), We obtain

91 _ 99 i ey et
L R &% | man, WE
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" trations o, and Oy, W6 f ,
__oaent d11:8sion fTom the electrolytic chamber to the |

F—From the relationship (8), the suitability of using Pois:"

son's equation in the form (4) is evident,vhereas the
condition of usage 1is included in order tﬁat the ocon~
ductivity of the metallioc skeleton of the eleotrode oone-
siderably exceeded the conductivity of the working mixe=

ture.
For the kinetic nature of the process (i) we take

the expression from the theory of delayed discharge
Y e . ].._c‘u_ [_ (n—o F ]| |
i }.{c: exp[ RT" e exp RT M. (9)

In order that the system of equations (3) and (4)
proved to be complete, we find the relation between the
Jocalized values of concentratimns of product and reagent
which should make it possible to eliminate the concentra=-
tion of the product from equation (9). :

Writing Mok's equatian (1) twice, once for the
reagent and once for the product, and expressing the flow

of the substance from the electrical magnitudes and coef=

fiolents of the reactions (2), we obtain respectively:

]
;‘-c—u—-——v-e-r lo :
dx nFDy ()

Eliminating I, from (10) and (11), we obtain, after
differentiation, the interesting relation

¢ =t -E'-'--g-s- (=R - (12)

]

For this, in order to change equatlon (12) from
unlnown values of concentrations on the frontal (W th
respect to the opposi te -electrode, 1, 6., for xsL) sur-
face of the electrode cl and ol t¢ given volume concen=

11 stldy the conditims of re-
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r;leotrode. Assuning
of reagent end product in the diffusion layer near the

frontal surface of the electrode as 1linear, we obtain
the following expression for ourrent per unit visidle

surface of the electrode:

FD. (& — ot
[ G-6) (13)

"

Then, using the expression for limiting cwrrent

-Ef.elc;,

%3 ' ' ()

lapea

3 o
we obtain ¢ m —2= lupu(1—6), vhere 9""—.-' - the
nFD, apex ‘

coefficient of "charging" the electrods (0€8€1).
Finally, . ..

a=a(1-8) (15)

Similiarly we obtain
D
L o, M Yo
Cn=cn+_'vp 'bj"‘e' | X (16)

Teking into account equations (12), (15) and (16),
equation (9) can be rewritten in the following form:
. c aF [ v ’ '
t-lol—:—exp —| - 1+ 22D
cp R . c: Vp Dn

We introduce the following symbols:

U

--:'-i-' --S:—' | -.—?-‘ ’ 2;..d-_.l.
v V,',i c;. d"f'D,,.d”-D;'\‘,DI,

(for most'porous electrodes dz10"t or 1072 12 )o I 4

— 19—

the distribution of concentratioms -

P (B B) e s B[ ki)




r-the eleotrode decreases dirruaion only by its :tmoturoj
without regard for the proportiu or the diffusing sub-
ltancoh:hon it is evident that

Then ¢

YA l%exp[%n]—(l-l- ":“ _ c’.)X,

t o
Xexp| - (u-a)F ]}

and the system of equations (3) and (4) 1s rewritten:

. vl"l’ f!.

vn .4;..'_c,_ W=a)F ||
-l+5—ic:exp-m.q, ‘1,8’

n’;-sR.i. 'i:-exp[i n]— '

skl

[

(17)

— Taking into account that for the conditions of
the investigated problem (Fig., 1, a), the flow of the
substance and current across the back surface of the
electrode is zero and across the frontal surface is
respectively equal to V,/nFI and I, we obtain the boun-
dary conditions of the following form:

(19)
‘;IM =0, 6 |ome = _'%"' L.

System (18) 1s a system of two non-lineay differential
equations of the second order.

L Wo will rewrite the system of equations (18) and g
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rl-aoundary counditions (19) after previously being chan%eﬂ

to a dimensionless coordinate from the condition Czx/

(0€ >$1), to dimensionless concentrations from the ocondi-

tion 020./0Y (0Sc€1) and to dimensionless polarisations

from th%h oohdition u=ly/R,LL, |
on

¢ = Aplcexp Ef’—-u]—(E—MC)exp[—L;.—'l”i—e “]] |
peR

(18¢)
' A 8 (h—a) @ ]]
U= —lcexp| —— u| = (E—Mc)ex [————-u
9. P le] ( ) 4 a le L
and boundary conditions
u "d-oo 74 It-l -]
¢ fomo = 0, ¢ Jimt = §8, - ~(19f)

vhere o
I D,
Am L | msli: ¢m ﬁ;
llw" [ ] .i. ¢ E’IL

»

1 RThF vd. v
SRS v e LEILE SUULE o8

Equating the first equation of the system (18) to the
second we obtain S

4
—-— 9. .
=Y

After a double intergration of (20) taking into account
the boundary conditions for [sl we have:

u-7c<-+C.. | (21)

where K=2Y6, and C, -- the second integration constant.
Subsbituting (21) into the first equation of

system (18') we obtain S

Qe=f}

L ¢ =A¢‘K:ceXP(Kac)'—(E-‘--Mc)Kn exp[t'fﬁl{.c]lz (22').;1,.--'
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We substitute the variable quantities acoording to

¢=lnz (23)
Then equation (22) can be rewritten
Z—h@ 7" +h(z)=0 (24)
vtk boundery conddtios 2 jws=0; 7|wmi =Ky (5 =2ke).
Here 1 , ,
h@)=—:
4
f() = A4 {—KyInzzkeH 4 (E—Ming) Ki* 2 * '] .

Substitution of piz)=z!(C) makes it possible to reduce

the order of equation (24) and bring it to the form of -

a Bernoulll equation
P—h@p+i)p! =0 (24t)

The boundary conditions are written respectively:
P(Dlimz, = 0; P(2) lsms, = K.

A subsequent substitution q(z'}:pa(-z) makes it possible
to reduce equation (24!) to a linear equation with

variable coefficients -

¢-2f@q+2f(@=0 (2411)

Integrating (24'') by known methods and deter=
mining the integration constant from the boundary oon~
dition for §=1:
Q‘z-:. - P":-z. = a'(':{ '

we obtain a solution in the following form:

r ' F =
q-:‘{%@{K,z"- -l-'-‘-z——lr]-EKn' e +
L Ks K3 . _

‘L-' - +MK:'—F'K'F g 1 ),]}-i-

P S LN e L R




a—f T K
+K, 2‘*"‘1' K. K} K' .C—R.K'

o—n a—A
o8 22 x.[ Inz,

e “:“K-—(#:ILK:)’]‘]' ’ i

In order to determine K, (explicitly and enter- O L
ing the constant of intergrati%n Gy, of o ation (20) ' e ;
in it) we use the boundary conditifn for $=0: q| 34%0° |

}
A solution in the general form of the derived
equation, with regard to K, is diffult. For values
of Tend n, satisfying the relationship <-nks= -1, the
" equation becomes quadratic and the following expression
is derived for Ky:

.

K, =Q+ V2B . (25)

where
Q K’Kg fl‘ K 1 QK.-KI -~ -1.
o K s 1]~ o= 11

L —d 1) (Klnz 1] ==L (K
£, (= Jp) — M e 11— o, Kb+ 1)
sz' le‘“zt"ll—:oR'TK.IM.— n

‘ " and from which ' o

Qn . I
C=—-h@+VT-B. (26) , 1

Performing the reverse transrormé.ti_oﬁ from the

change of z to the change of o, we obtain .

B=

e S {K’ +2A4 [.ﬁ-;-@xp (Kl [Kie'= 1) = exp [Kn) [Kity — 1) +
3 . . .
BT 4 nm Y




r - T

el (L (expl— Ki) — expl— L
+ ra ( X (exp [— K] — exp[— Kiial) — -,a-(expl- K¢l X

@7
X [Kie + 1) — expl— Kl [Kety + n))]} ~hde,

The relationship between ¢ and ¢ (27) by a imown approx=
imation csn be simplified. Condidering that for the - .
majority of ideal systems the quantity T

1
d . K¢y =(1—9) ¢l (K¢ <Kea),
i} ' Qupea ¢ l
- and replacing first two members of the expansion with
exp (Kzo) we derive the following expression instead of

(27}

ot 2 4] et v

P | "'h' ‘
—2A¢(%+K;)d+2ﬁr-f—;c,’ e em

Integrating (27') in the given limits we obtain

‘zVL‘F[m 7= ik (28)
vhere o
‘ ' | 9=2A¢(%+K,)';,'b-—m-%;
A-aaa.(.,'.g;‘afx,),{w_m(_;g‘.uf)am,.%,.|..-
| -t
L g
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Y

rThen for the dimensionless concentration, the tollouing.—‘
expression can be written:

Y —Ach [C V a -+ Arch —V-T b (29)

Cn . 2¢ .

AY

Entering the concentration at the back surface of
the electrode in (29), 6, can be determined by means of
solving the tra.nsoendentgl equation (29) with the boun-
dary condition for §=1:

01 - 1"9

The expression fa* the dimensionless polarization
(21) can then be writtem in the following form:

V=ach [<V7+Arch2%-°-——tzq|—b
— +
_ 2aK '
+ 2 1@+ VT

where Q' md B! =~ the values of Q and B taking into
account - the above assumptions. '

The distribution of polarization and current
through the porous electrode are desoribed by the
following expressions:

RT 6 RT Ox
ﬂf—;? Qnmuz @ F Qupex X

v {V—‘—Tchkﬁ'wmhz“}‘:_i;]-b Rt VI
X(= %K

R
+ Bt v @ = |,

:E'-z%-a'.;;-lz‘ﬁ%-fch [cV’a‘+ Arch 21‘/”.': ] (3).

The obtained solution of the problem, in the
closed form, concerning the distribution of intena ty
L_or an eleotrochemical process through a porous eleotrode |

e

(30)
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r-(27') in a diffusion system and the expressions ruultin:]
fran it (with the given assumptions) for polarisation
(31) and ocurrent (32) present the most diffioulty for
analysis, Overcoming this difficulty will be studied inm
subsequent reports. '

SYMBOLS

DJ-dirmsion coefficient of the j-component in the
electrolyte
Di=spffective diffusion coefficient of the j-component
J in the porous electrode
d --coefficient of diffusion dilution at the electrode
in comparison with diffusion in the free electrolyte
‘VJ--stoichiometric coefficient in the j=-component of :
-~ the reaction :
8 -~ specific surface of the porous electrode
Ry-=effoctive resistance of the operating mixture in
the pores of the electrode
n ~-number of electrons participating in the reaction
F «-Faraday's number
& =-lcinetic coefficient of the electrode reaction
é --thiclmess of the diffusion layer at the frontal
surface of the electrode
O«~"charging” coefficlent of the electrode
§ ~-"contamination" coefficient of the reagent with the
product of oxidation (reduction)
o238 (e )h (cX)i~¢/n == current exchange
I,==effoctive value of the current exchange on the porous
electrode - "
W--yariable (first introduced in 11 ) characteriz
the relationship between the transport dilutions
the diffusion layer adjacent to the frontal surface
of the electrode and inside the electrode
| le--the dissipation capablility faotor characterizing

the relationship between eleotrode polariszability
with a limiting current and the ohmic resistance
£illing its operating mixture

SUMMARY
The problem is solved on the distribution of the

electrochemical process through the depth of a porous
L electrode of finite thicimess under the diffusion o= -
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rﬁranslator's note: In the preceding translation aovoraﬂ
Russian letters were used as subsoeripts and supersoripts. .-
Following is & 1ist of those letters and their meanings ‘
as used in the test: P--(sub.) solution; P=--(super.jequi=:
1ibrium; (the remaining are subscripts), M==product;
Me-metal, d--electrode; wpey -=1imi ting]
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ELECTRICAL ANAIOGUE SORUTION, BY OHMIC RESISTANCE
CIRCUITS, OF THE SYSTEM OF DIFFERENTIAL
' EQUATIONS FOR HEAT AND MASS TRANSFER

Le A. Kosdoba

Institute of Naval Rngineers, Odessa

A method for the electrical analogue solu-
tion, by ohmic resistance circuits, of the
system of differential equations for heat

and mass transfer is given |1, 2/« The re-

sults are comparsd with the numeriocal solu-
tiom of [3]. o

L 1 3

. The system of differential equations of heat and
mags transfer in the unidimensional case with transfer

coefficients, which depend on temperature ¢ mdnﬂrgﬁn
: 0 ;

oontént u, A=At,u) and atwat(t,u), has the form

2‘.-'_1()_0_'.' Y
dt ¢y, Ox ax) ¢ 9t
u [, ¥
~ ' ta__'
ax ax\“ 0x)+a ox

0<;‘L

introduced. The boundary conditions for the surfifice of
xsR of the plate (width and length are consider lar-

.Lgor than the thiclmess 2R)(Fig. 1, a) with a -mimu

‘

In 1,2 , boundary conditions for system (1).were

F

(1)

J.




| : rdi stribution of témperature.md moisture content, rola-"—]
l tive to the center plane (x=0), have the form:

| .

r

'—x(-g-‘-) raff—tR N +p(=0gE =0, (2)
X |x=R o -

b | ()t @ 50y (3)

0x

F Similer conditions can be written for the boundary Xxa=Re
We shall assume, as in [3], that a'és0, and sim-

plify system (1). Then, if to write (1)=(3) in the fine .

} ite implicit form, it is possible to introduce the ex- S
pression for the parameters of the ohmic rgsistance cir- 1

cuits which & solublon for temperatures (RU-oircuit) end .

moisture contents (R%-circuit). "Earivatian of the expres-

sions for the parameters of -R%= and R“=circults is

similer to the derivation in [li, 5] For similarity

with Kirchhoffts law for circwdt unti.onqa it was neces-

sary to determine the paremeters of the RV-oircuit (PFig.

1, b) by the expressions:

R‘s t p O .‘
=Rk - W |

R= (c ok B R".' | (s)

. AVLRATR,
Riat = ~Tora s — ) | (6)
. | | iR |
;,-—c‘-ﬁ‘-. (7)
AVENRL (8)

and the parameters of the RU-circuit (Pig. 1, o) == by
expreéssions : :

L RY= Rif% (9}
-

{




Fige 1t a--division of the plate into elementary ses-
tions for, solving the unidmenaionel symetrical prob-
Yem; . be-RU=oirouit: l--resistors Ry yn 2--resistors

8§ vs 3--RE L--BY 5--RE. Voltago’mn 1s supplied
across the ends of resistors 1; voltage vrbx,k is removed

at juotions 0 md n; and voltages Vg and V}'ﬁm}ue sup~
plied across resistors 3 and L respectively; o--,R‘?ggir- i
ouit: le-resistor Ram,2~-R}, 3--R%, Y==Fs = Voltages

VR k-1 &ve supplied across the ends of ruhj;o’m"' 1,

,_vg,k 1s removed at junctimns O and nj and v&n"i- s Lo
moved at 2 and 3. V,--voltage simulating _‘,.60.

sspspegmpsgepsper P Y L LT L LD L DL L L

A—W_W_T‘_-__*ﬁ,
|
tw

o 0 W W o0 U0 €5 aP OU T D AR W OB 5B OO UE GN 00 U6 6B B & 60

R‘:‘ -\T"'l?'Rgpo' ;! ) (10)
Y. Avuh'a'ﬂ.lm 25 ;
' R¢= v —qn | (1)

. AV:’C'R‘. ) .:i' . ,
R=Tl—te' | C (12)

e Kb~ and M-oivoults for solving the unidinens
sional symmetrical problem are shown in Fig. 1. The
__space interval in reqions X0 and X=R is taken &8 be, J

= il s




.

qrt.ho junotions 1, eeey 1 are Joocated at distances x=ih —|
"from the middle (1'0’ 1. esoy n)o ' -

When the transfer coerﬁ.cionts' are taken as cons-
tant, expressions (4)=(12) have the form: Jm—"
R‘ - R‘N' . '“ ' . (,.'-. )
al:
R=Tfgfe (51) )
aAViR ATRYy (6
- R . 6')
R (g 4 W ») OB [ .
. R . |
Ri’ThT . A7) .
AVIRWRY
- = N '
- R=—hu—07 i
=Ry [ 1)
/3 E -
= R o |
R:,B—'_T__qh‘ = (11') :i
AVFE
= N
Ri Sile— l.,?g—l (121)

In the general case, unequal space and time intervals were
chosen. Only the accuracy of solution depends on the magnitudes
of h and 4 t, while convergence and stability are independent of
hand A t, since the solution of finits divergent equations for
R-circults leads to an implieit systen /87,

Iy =




!_ In the same way as 1nTl;., 5], expréessions were "‘

introduced for caloulating thé parameters of the R*- and
Rlacirouits for solving the system of equations of heat .
and mass transfer written in rectangular coordinates (two
and three dimensimal problems), for the system of equa~
tions written in oylindrical or polar coordinates, and
for dimensionless equations in any coordinate aya%m.

The method of solving problems of heat and mass
transfer by electrical enalogues is identical to_fhe met=
hod for solving unsteady heat flow prablom s 54, Dut
the solution is parallel to Rb- and R*-cirouits e 1)e

We shall determine the distribution of u in the
m time interval according to the lmown distribution of
u at the (m=1) time interval and by the lmown boundary
conditions at time m, The parameter of the R%=-oircuit

also depends on (tc"‘g) at the (m=1) time interval,
- )

After.having obtained (wy,) 3=, ), We deter-

mine R¥, and,scoording to the lmown distribution of tempe
eratures and boundary conditions at (m=1), we determine
the dlstribution of temperatures in the m time interval.
It 18 possible to determine u by the known differe
ence (to-tn) for interval m in the second approximatiom,

however, experiments showed that it is reatricted by ons
approximation. ,

' Since the solution is discreet in space and time,
then at gach atea 1t is possible to change the parameters
of the RV~ and R*gircuits with space and time in order to
calculate the variability of the physioal properties of
the materials, boundary conditions, ete.

In tables 1 and 2 are presented the results of
solving the system of differential oquatiogu of heat and
mass transfer by electrical analogus for RV~ and RM=oir-
ou%;c‘sdand the results of [3], derived by a numerical
nevnoG,

The conditions and numerical solution were tak
according to [3] The relative error is '

A‘-iﬁ;——'!lOO%;A'-“"';:"‘IOO%.

Problem: A wall,2R=0,09 meters, having an initial
temperature t,s10°0 and an initial moisture content of
w, 50,27, was placed in an environment &t £,390°0, '

L T e
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Distribution Temperature i{n the Wall

| Table 1.
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a == 10,44 om- 4~*-2pad—1 C; A u= 0,93 om. 4~ 2pad~*C;
¢ o= 1,885 Kdac-k=-2pad=1C; 1y 14716 n-4~%
p = 2388,3 xdac-xz!; & = 10~ n.x~1.2p09~'C;
swm0,l; Ki=03; Lu=008;
@ =My = 32,9110~ t.coxt;
'@’ =alu=2,63-10~* &% cex—; '
q (x) = ix_.%l_(_i' = 697610~ w.u~3-cex—! ;

b= %— 126,667°C .

We take hz0,01125 meters. Dividing the plate inte '-

elementary sections was done according to the diagram in
Mg. 1, a. 8ince the problem {;’ syumetrical, the solu-
tion was carried out on half RV~ and RY-cirouits, and u
and ¢t were determined at the junctions where x=0 (center
of pla.te;, 0,01125, 0,0225, 0,03375, and 0,045 meters
(surface ).
The resistance circuits consisted of class 0.2
variable resistance boxes yith integrator charts used
as the measuring diagram |7 . a
The temperature and moisture content of the wall
face (x=0.045 meters) wore determined according to
&s the half-sum between values t and u at a given
ime interval at point x=0,03375 meters and at imaginery
point x=0.05625 meters.
tn O3] Brror in the solution due to ad'=0 was evaluated
n ®

As the initial distribution in the experiment, the dise-
tribution of t and u, obtained for the time interval
0.2 hours, was en which was also the initial distri-
bution used in [3/, -

Selection of the initial distribution influences
negnitudes of error §. The initial distribution accord=-
ing to tables 1 and 2 lead to & deorease of in the
first steps of the solution in comparison with the ini-
tial distridbution of {3].

In Fig. 2, the errors 4% and A" are given for

|_experinents at ,A-gM:O.6 hours. Inoreasing the first - |

Results are given in the tables for Az',,\zo.a hours,

A o o i



rs—tep from 0,2 to 0.6 hours leads to an inorease of error—|
(compare tables 1 and 2 and Fig. 2).
The initial distribution of ¢t and u in the experi-
ment, the errops are given in Pig. 2, are the same in
tables 1 and 2,

I\

0 2 —
' [

/ -
5\ o Y et

Fig..2 Change of 4% (1, 3, end
5)°ab (2, I, &nd 6)(%) With time
at points at distances from the
middle of the plate(meters):

1, 2--0,01125; 3, l==0.03375;

5’ 6--000)45

Relative errors were determined initially from
the numerical solution [3] with the step Ay=0.2 hours
(tables 1 and 2) with a correction in the first step.

From the tables and Fig. 2 it 1s evident that
the error drops with inoreasing number of steps in
time and after 5=-6 steps is comparatively small,

By the corresponding selection of the initial
distribution (similar correction L% troduced in the first
steps of the numerical solution 3) , by the decrease
of the time intervals in the first steps of the solution,
end by the decrease of space intervals in the zones of

sudden drop of t and u ocan reduce maximm errors and
obtain time-interval errors not exceeding 2-3%.

. In such a manner, electrical analogues of chmic
resistance oircuits can successfully be used to solve
L_the system of differential equations of heat and mass . B

P 17 3

T ———




T ——

! _ _ ,

| !tnnator. The error, in comparison with the numerical solution _-'
; after 5-6 steps in time, is small and sufficiently accurate for
|
j

— ——

engineering practice. '

SYMBOLS

| R" -- electrical resistance of the circuit for determining moisture
u content (RY -circuit) '

R® -- alectrical resistance of the circuft for deternining temperature
’ (&t -circuit)
| Ry -- standard R-circuit resistor :

: -~ interval of time = ( =0, 1, 2,...) :

s A Yy~ greatest voltage drop (when determining u and t in a drying
L process, Vy, is the minimum voltage)
} R == factor for transposing from analogue parsmeters to voltages
I : 9M~~ electrical analogue

4 == numsrical

C -~ environment

H -- initial

The paper presents expression for calculation of patemsters of
ohmic resistance circuits in the system of differential equations of
hest and mass transfer at variable physical parameters (1, 2). '

The results of solving the test problem (3) (tables 1, 2 and . 1
Fig. 2) .show that this method is sufficiently sccurate for engineering
practice, ‘
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TRANSITIONAL HEAT CONDUCTIVITY IN MULTI-LAYERED MEDIA., II.
DOUBLE-LAYERED SYSTEMS AND THE DETERMIRATION OF
MINIMUM HEATING TIME FOR A SYSTEM OF A GIVEN
HEAT CAPACITY

1. 8. Zaydenman and G. F. Muchnik

The method is examined for the solution of contact problems
with the breaking coefficient (Part I) is use for the solution of the
"internal problems" for double-layered flat systems.

The differential equation for heat conductivity for ths first
and second layers is:

dty O dty I
& a‘l‘#’ A a'dﬂ" '

Limiting conditions (the problem is solved for the case of
adiabatic partitions) are: . 6’!
iy

1)

l‘ — - 0; . -
b o (2)
A

G lxws, = tysen, s E FETA -
Y
M dx
nga
2 dx

Initial conditions (fig. 1):

GO, %)=ty 40, hm0, ()

3

’

X=X,

(), .

By

148




J—:-aiifl J "

/

<4
u,ﬂ 2\';(16
% 0. 12 p

Double-layered system: a- statement of the probleam;

b- determination of the first root of the characteristic
ti H ’
5 sgAcsel I=tgps K: 2~ 14gy,

Fig. 1.

Solution for separate layers:
o
| 2K in py, COS py X €XP (— i)
tl - t + tO -. : \
Team 2y (4 Sinpy Sinpy — 72008 py, €OS pyy) (6

ad .
fmi g 32800 Py COS py(xy—x) exp (—pis)
. 1]
TeRM lm] H(‘Sin Fu'sm Py — N COS iy, COS "’l) (6a)

by e b
- C Ve _'f" -8 :
A b t Vi
=K+ —= — Kot == K= L2,
V ‘ V V ¢ V a ¢ l')qcl i
Characteristic cquat:ion v
Ketgpy = —tgpy. (6.b)

Terminal temperature of the system can be determined from the
. : thermal balance

e
torbymt (8 +cyly), f .mly—L
.ocxx 1.(;.|+Cs 1) °c,8,+c,8. o

. because in the common form

¢ ¢ a4
== - (7:a)
Toam 2 ) .
- : -
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{;hmphyoiul properties of oh«t‘: are: : ..,
e ® 1888 1000073 dagl, ¢y m 1.512.1060.073 geql,
0 » 136107 ca.sacl, o, = 0.97-10"m?- goe},
A= o.zszw-"-d't'l. >\- 0.187w-n"1, gog-1,
£1=0.03cn, £u0.088 ca.

From which .
Ke= 00590 By = 2,66 By Pym= oosl ™.
Finally = -
0,03 0
T c— 0' —.—— L 3'136.
t 00w 5t S
n-ﬂ’.l”_s.o,sg + .9.'.0_3...'2,39, o

0,0312 0,037
Characteristic equation -

0,591g(2,68p) = ~ g (081 ).

First root (fig. 1) = 0,83,

t =48°°C. t.- 17W° C.
Tarn,

o= 480 1700 X, 9(p;) cos py (%, — ) exp (-~ pi).
i=| '

With a sufficlently large time period T, all terms of the series
except the first can be ignored inasmuch as the rev is rapidly !ldiu,

Then 9("!) .,- 005550
ty = 480 — 17000,555- 0S gy (4, 3 X) gxp (— 0,83%¢),

With Fmy =40 HSexp(~000).

It often is required to determine the tims Recessary for warming -
Up the extreme right layer to the temperature £ . This time can be

!
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{obtained from (6.a): ; : : » ...!

*{f) = — 2'303“,!%("“ . o
T -

Let us examine a double-layered system surrounded by adiabatic
partitions, the retention capability of which i{s constant. Tis
means that ¢; £ , + ¢y £ 4 = const, With s const and t = const,

161 %24 2 oy

this leads to .
€18 = const, ¢,3, = const,
= 38y = ﬂS (9)

For such a system, time T (t) possesses the following properties:

1. T increases k times if: a) %1 and N o 4re reduced k
times; b) f 1 and f 9 are 1ncmml k times; ¢) the proportion -

§1/ N is increased k times, In particular, T becomss sero if

f'/ )s‘ and fll Na becoms sero,

2, T does not depend on if the corresponding A <> © and,
i AR :

conversely on A { if the corresponding : 190.

- On the basis of properties 1-and 2, it can be concludcd' Itlut
T (t) isa homogeneous function of the first degree with respect

to {1/ X‘. 1.‘0.

'(7)-0:-:-:-+b.{-'-. 0.0
o ' -

where b1 and b, are constant with respect to J‘ { and )\ {

We stress again that formula (9,a) holds true only when ob-
serving conditions (9). Acutally, in the general case the wa
process (cooling process) is determined by the Fourier criterium

Fo » q'%',_ , Which can be easily shown if equation (1) is written

e dhvcnai’oniiu: form | , 4
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r T -
a‘f—‘fg-i‘-%-; B f(Fo, X); X=.

For multilayered systems, as will be shown below in the
example of the four-layered system, the conditions of similarity
also hold true in observing the constancy of the criterion Po, {i.s.,
the reduction of all a; by n times leads to an increase (f) by n
times, and a reduction of f i ( of all layers simultaneously) ---

to the reduction T (E) by nl times.

However, with ¢; ) = const and ¢, | § 5 = const

A A A ﬁ_
Fo, = 1 = A -‘—' FOym ——tvu 7 = \
T n Ay TRt AT

i{.e., hold true (9.a).

The solution of the problem for a two-layered system can be
used for the solution of its own type of limiting problem -- determin-
ation of the minimum time necessary for the "extraction" from the
first sheet of a certain amount of heat by means of contacting this
sheet with a body "equivalent" to the remaining layers, which possesses
the total terminal heat capacity ) f 2 and the i{nfinite heat con-

ductivity (the case of the infinite heat capacity of a body lesds to
the known problem of the first series with a sero limiting tempera-
ture), The thermal contact at the edge of the sheet is considered

ideal. This problem, of course, can also be solved independently
if we place as the second limiting condition

&, -
=k aget
hM’ e, c'd'

or take a thermal balance squivalent to it

:
‘l(;: dy) = ly01 8y~ ¢, b“ t(x, <) dx.

However, we will immediately obtain the solution of this limi-

ting problem as a separate case in the solution of the two-layered
system,

L ' J
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.Pﬁ —
i As a matter of fact, from (9.a) with X g We £ind ——!

1(7)-%2‘_- Tmin .
M .
This also is the sought minimum time necessary for the extraction of
a specified amount of heat from the first sheet. For any systeam,
consisting of N sheets, [ i, will also determine the limiting

(9.b)

boundary, in which case we should take for the heat capacity of the
second layer (c § 2) in this case soms equivalent heat capacity of

the system (C‘Aa. 2 . 8‘)

jm2

The overall solution of the limiting problem has the following

., o (r ) e (%)

form

1 . (9.¢)
Tern | — Basinp, + [ l/c,3,+l]cos Pa
The characteristic equation
Cy %4
*gp.‘ "'Pn 8 L (90‘)
. a

The series (9.c) quickly converges and, beginning with a specified
Fo = '(Fo)1im{ting: 811 its terms become small in comparison to the

) oo -t

2cos(
{={ - —to ] .
ﬂ‘" —P‘Sin’l"" [qﬁ/c,a.-i- l]co‘”l

first.
Then

(9.e)

For small values of Fo, the representation with x = 5‘1 can be written
' ¢ le:
. T o0 T
R T
the original of which is '

L () =l=tep YOV,
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r;l:crc be |/ alcllczf 2 i orfc = 1 - orf; erf is a function of crmn.'

For the comparison and evaluation of the formulas obtained

above, the limiting problem was solved by the numerical method of
terminal differences. ‘

The basic equation and extreme conditions in the terminal
differences can be presented in the form:

— |
lntin™ -:," lnar + p—2 lna + ‘;'ﬂ-l‘ﬂ J (10)
1 ool
where - (A x)' ’
t...-l..‘- e R l..” -l.; - (10.a)
=ha=0; (10.b)
tmoo=lm.1s (10.¢)

" \ At
tutr, 11— by, 117 Rl Nl 41 )i R= cddx (10,0

As can be seen from equations (10.c) and (10.d), for caleulating .
temperature, two "szero" layers are introduced -- one, located to

the left of the first layer (with index n = o), and the other to the
vight of the last layer (with findex n = N+l) at o distance of 4 x/2

from the partition. These layers permit satisfying the limiting
conditions of the mission.

The temperature of the partitions (i.e., points x = fl). is:

= tﬂo N+| +l.;.’L~
2

lmier =iy, 1.

From which
tm N+t =2, 11— m, N - (1)

With the halp of the relationship (11), the temperaturs of
the laysr (N + 1) is determined. The temperature of the left sere
layer is determined from the relationship (10.e¢). Substituting (11)
in (10.4) we £ind .

| butr, 11 = (1 — k), 11 4+ wu.l . (;lr.,
L | o 4

L 1“-'
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P~ ——
i The solution has a physical significance (it does not vtolat:-,
the second law of thermodynamics) with 1-2kD> 0, i.e., k<4,

For the modulus p in equation (10), a value greater than 2 or
equal to 2 should be taken. However, in the latter case, the points
obtained from the solution will fluctuate about the true values,
which is why it is recommended that p=3 be taken.

The calculation is made with the use of subsequent opcr'at'tono\:

a) The temperature of the layer (N+1) is determined

loo sy =y, 1y =ty y.

With S
bo=0 £, b ==ty g

b) The temperature of the inner sheet is determined, including
the Nth layer dy the formula

l .
ha= ? (. a1 tlh.ath, n+1)
etc. ' ‘
¢) From the found values tm,1 80 t_ .77, the) 11 18 determined,

’ ’ . :

In this, t, 1y is found from (11),
If ty 31 ®o, 1,51 " 2kt, | The interval A Twithp =3

'AQSM

3a (11b»)
Solution (11.s) can be broken into two components:

Intr, 11= 6, 4 6,

As the calculations show, the vulucez assumes a stadble value
quite rapidly,

The temperature of the limit sl I in this case can be found
’

from the formula for the sum of the series (geomatric progression)
with the initial term G 5 and the denominator (1-2k);

s, 11 = (1=20)m, ,, 4@, (=20 )
2k
L - B o
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iIt is recommended to take as t, the temperature of the bowndary —1

at soms tims interval m_ after the start of the process (fgr ezample,

ny » 10), and for §, -~ the average value boi:mnaz. mo. 804 6.2.““.

Thus, with mgs 10, t, yy® 208.4%, © , = 19.7°C trom the

accurate calculation ty 11 = 376.5° , and from the formula (11.c)

ty1,11 ® 382.0°C. The error is 1.5%.

Figure 2 presents a comparison of the data for computation of
the temperature of the partition of the second sheet obtained with
the use of the operation and numerical metbods of calculatien, the
convergencs is sufficiently satisfactory.

4
LN ]
%o 2
oem )
200
°
100 .
0 Q@ L4

t

Figure 2. Comparison of calculation methods.
1- function of erf; 2- solutiea with the
first term of the series: 3- nwmerical
l.tm. !

From the dravwing, it can be seen
that with  0.05 seconds, fermmla (9.¢)

should not be used, and with 0.15
seconds, formula (9.f) provides an error,

From (9.e) it can be determined

— ] 4L ! 2, ab

i ’m) =

$18)
2 cos

~— pysinp;+cospy (1 + 6 4/eydy) .

The values 4 and @ (A.) ave.presented {n the table, With

|

4
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r_f t - ]
icl 1 ® cons
foig = 2,303 1g [6/3(m)] (o )% b & :

) ] M \
which was noted above. T =7= :
TABLE

Rootnpt the Characteristic Equation # = —pcdy/cih; and functions
¢ (#)

PXWAN B T s e ?(m)
20,00 1,60 4,720 7,860 11,00 0,036 .
15,00 1,61 4,725 7,865 11,00 0,047
10,00 1,63 4,730 7,870 11,00 0,070
1,50 1,65 4,740 7.875 11,00 0,091
5.00 1,69 4,750 7,880 11,01 0,131
3.7 1,72 4,765 7,890 11,02 0,158
2,50 1,79 4,790 7,900 11,03 0,213
1,50 1,90 4,850 7,930 11,06 0,277

1,26 1,96 4,870 7,950 11,07 0,304
0,78 2,11 4,970 9,010 11,10 0,342
'0.50 2,29 5,080 8,005 11,17 0,357 )

Figure 3 shows data from the calculation with vari.ouz terainal
temperatures of the systea, f 1-C).OS o, el-l.m'lo J -u-3. deg’l,

¢y f 2-0.0i25'105J- u2, aegl. (next page)

The curves obtained are the limiting curves for the multi-
layered system with those cl and J’ 1 and possessing the same retention

capability c, and £ 5 #0.033 cal (ea? %)),

The results of the caleulation U (E) according to formula
(9.a) are presented in figure 4. (next page)

As can be seen from the figure, all calculating points are
well-plotted on straight lines, in which respect in all cases bywconst.,
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r' = | ]
"#ig. 3. Minimum time of hesting .

the system:
1= tm.s’oo' t,'lm.ci 2' tm.

880°C, £,01700°%C; 3- t, wAS0%C,

21
®
i

¥ig. 4. Dependence of warmning-wp
time T (sec) of the system on

the thickness of partitien of the
second shest (1, (cm) and cestficiont

of heat conductivity; 1-b - Aa
respectively equal to 0.126;
0.83; 0.84; 8.4 (Wa~l .degt);
5= ot A-ay ® 0@




t

¥
H .

Symbols

tterm -~ terminal temperature of the uyltu;/“ -~ root of
thg characteristic qquation; J’ 1 g‘ 9 == thicknesses of layers;

N1 N e, ¢, -- coefficients of heat conductivity and heat

capacity of the layers; G's ty . - T -- dimensionless tempera-
ture AT , A X -- pulsating interval in time and space; m -- time
index} n- space; tyy -- temperature of a body with infinite heat
conductivity.
Sumnary

By means of a general method, presented in Part I for some
multilayer systems, the unsteady temperaturs field of each component
of a two-layer adiabatic system with internal heat sources in one
of the layers is found and analyzed. A minimum time required for
heating such a system to the prescribed temperature is estimated

both by the analytical.and numerical methods. The exact solutions
are given in the final form.

6367
CSO: 1880-D

- 159 —




ON THR HEAT CONDUCTIVITY OF AN UNLIMITED FLAT WALL

A. F. Khrustalev

Sevastopol Branch, Odessa Polytechnic Institute,
Sevastopol

A method is recommended for the three-dimensional stationary
temperature £isld of an unlimited flat wall, half fmmersed in a
heat-giving medium, while its other half gives off heat in a
heat-sensitive medium, .

We are designating the relative coefficient of heat exchange
between the heat giving medium, the temperature of which changes
only in the direction of the x-axis according to the law T, = £(x),
and the wall through h,, and the relative coefficient of

heat exchange between the wall and the heat-sensitive medium through
h. We tske the temperature of the heat-sensitive layer as equal

to sero.

In such a formulation, the solution consists of the determina-
tion of the function T (x, v,8) satistying the Laplace equation

br bt dr _
e 4 4 &Y
and the limiting conditions
ii%-l"ﬂ'-o viaze/y = £ b, |*]<®, 0Kz < +%5 (2)

:i—}ﬂ.r- Rof(x) whareyw b, 5| <0, —® <1<o?

L

I 20 W
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With respect to the function £(x), we assume that it can be —-‘

represented in the interval ( - , + @) by the cone-integral of
Fourier, {i.es.,
+e

+ 1
1) = (AR cosp s, A0 = | 110 cos o,

&)

We note that the case of a two-dimensional ltationary temper-

ature field of a flat wall which corresponds to £(x) = const is

" exanmined in /3 7.

It is not difficult to verify that the function

' + O+l
T--;-fcosﬁxdﬁ f B (u, B) cos (V uT—5¥5%p ) exp (uv) du, (%)
- ™ |

in which y = f b, zsvb, B(u, ? ) is the arbitrary function of the
effective parameter P and the complex parameter u, and the contour

of integration represents the entire simulated axis with the diver-
sion of the origin of the coordinates in accordance with the hour
hand and satisfies equation (1). It remains to satisfy conditions
(2) and (3) which, on the basis of (5) with = 1 respectively
take the form: i

Teossudp | K Lm0 hos0>0;

_).cos:ixdﬁ_‘l K(u,B)exp(uv)du=0 gor'v>0; ©
+e 0—iHe ": ¢))
foospadp ¢ (u,B)exp(w)dumhyf(x) gor ©<0.
- -ie

.Hcrc

K (4,B) = —B;(%.'ﬁ- (hbcos }/u‘ — o ;Vu’ — PP sin)/ uF - FT0); )

hobcosV B -0 -V @ —B8sinY o - B

VB = K S TRy TP Beny PP




r cond;tlono (6) and (7) will be satisfied i

0—itlo
(" K expuo)du= 0, 9> 0; ®
O=iHe ' )
(¢ (u,p)exp(w)du = B A®), v <0,
wi®

multiplied both parts of the equality (8) and (9

because having _
integrating by P from - @ to + @ with consider-

by cos p x and
ation of (&) we come respectively to equalities (6) and (7)

_ The paired integral equations (8) and (9) will be setistied
it K(u, p ?) is regular in the range Re (WS 0, uy 0, and

Vv G, P ) is regular in the range Rc(u)?/@ 0. and if thess fune-

tions satisty the requirements of the Jordsn lemma in the correspon-

ding ranges.
At the origin of coordinates \'/ (u, P ), there should be &
sisple pole with the residue .

hy A (B)
"‘“.”(“op)lu-o""""'é;r )

therafore A
K)oy = — AR

- hbcth 4+ fbshib.
a() = 1 ychp b+ poshpd’

For the construction K(u, p ), tollowing /1 - A7, we forn
the infinitive product

= 1 —ulty
Nwh=—=2"
put } = W01 (10)

vhere "\ {s the positive root of the equation

m«wc‘p'?_vm.wm-o, (11)

L
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i’and by is the positive root of the equation

hobeosy T=F B~ T=FPsny F=FPmo, 2

in which j (u, ﬁ o 1 for sufficiently large In ,Ln the

VP

ange .
o 0<daargug2r—2

Now, it is clear that

| K(u,p)-_.'ﬂo;:gp) a(p)ﬂ(:.ﬂ) . as)

and the functions

+o o N
r-—g-%ja(mmcosaxdﬁx -

Xg-r‘. n(u,a)cos(lfu —b p')Pex (uv)du l -
) Tk =B~y F—FPuny AT

+o :

-~%L§a(a)A<a>cosaxdax

X Im [1I (in, B) exp (ivn)} ch (V % £ ¥ 680)dn + -
n(hbch iV 78+ 38+ B+ PRsiny m + P 6) '

4+
bh, A(B)chBbp chpxdp '
= _._[. hebchBb + Bbshpb aw

satisfies equation (1) and the Ithg conditions (2) and (3).

By the method presented in /I 2 3/, we £ind the limiting
value T and + dT withy 3 ¢+ 0, p =1, and w also deternine
dy

L | | 4
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%rt-l-n response T with + o0 : —‘

+
.9225-2;?"-'2‘ 4() (V 3T~ coupd,

' te

""lHi J= Lo (" A0y h = m 5T cos s,

h""o v

Vo=bpmil - -

+o |
I -
umltf; 'Thfrf_“”""y a9 ) cospud,

Voddpmpl °

v

limT = 0, umr-u..TA(”d'ﬂbvcosﬂxdﬂ
Stewe—e 70 ) hebchPb +Poshpb

Let us examine another three-dimensionsal stationary tempera-
ture £ield of an unlimited flat wall with mixed limiting eonditiona:

¢T—%-o'{,h*§.y-0, |x|<°°.'|zl<‘¢‘;

O%"'hr'om“y'boilxka. Ocze 40 a6
’{ ' | o
J:r;ﬂ'h.Tph‘f(x)ﬁh“‘,,'-b. |x|<n, —©<2¢0.

¥

Q%)

With respect to the function £(x) it is assumed that the
expansion (4) is applicabdle. ‘

The solution consists of determining the funetion (x, y, :)'
vhich satisfies equation (1) and the limiting conditions (15) - (17).

It is easy to be convinced that the function
0=; rim i !

T;%Téésﬁxd'ﬁ f By (4,B) [cos}/mp +‘ '
- ~{e o .

L Ta 4
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Y

.~~-+a_s).h;/l/_{ﬁt]exp(@)aa ay

satisfies equation (1) and condition (15). It remains to satisfy
conditions (16) and (17) which, on the basis of (18) assume tln
forn

O=itle =

5cosaxda ] Kx(u.?)exp(uv)du-omi‘.‘!p-_l.v>9: a9
: i.'_ !. g

fcosﬂxdp s vh(u P)exp(uv)du-h,f(x),,h“. p-l v<0 =

=im
Herxe

B (u.ﬁ)v:(u.,ﬂ)- TR TATRS
Kl(uo p) g . ’ '
AV u A

an p)-w.smvzr:pm +WV"_WmVT"W+
+abV"_W:'cosV"_§*7 k(u'—a'b‘)sinl/_‘_w

h(u.a)-"’—“‘i%l(c B
I 9

9 (4, B) = h.b’asin}/—‘_w+lbf,m'?ml/m+
+abvmmvﬂ*ﬁm-xw p'b')sinVT‘F'F '

As before, we tind that

- _ hA1B) @u(0.8) T, (u,B)
kup=- A wop «

where. '. .

91(0,8) _ ahshBb+1hBchBb +abchpb + MshBs
(0, “"o'thHh.Pchﬂb+abchpb-|-'apuhpbt'.
ulay |
Hx(u.p) !-1'1-“/0. pe J
—16 =

st oy e e A o




t

!:: and b, are positive roots of m .quthn¢ (I.’ )-0 and az"’ P‘;l
in vhich TI;(4,p) = l/ - for sufficiently large w fa tl'

Now it is:not difficult to estadlish that the fusctien -

et
7 f 'ﬁamc«mx

j‘ (0, (4, B) 4 V =D c«vmmow?"w»x

xexp(W)@luv;(u.P)l"-Lj!‘-:%—%A(»c«mlx

X J llm (06, ) exp (mm)) AV FH PPV TTFPp -

+.mv W+ T ) dn) lin g (in, )~ +

h.b' ().bchpbp-luhﬂbp) ‘
ettt gy,

The limiting values T and 4T where v-7 ¢ 0, O = l,.__al_d. alse
. . ay ) '
the response T where v < + o has the form:

N g

o llm e j AQ) [h-u‘/ %]mmg

e N (eont. on next n..)J
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W ;

o o g g
limi— = A®)| 1— __B_NM) "
' ---i%’-n h_h.—. [ l/%(o' , co'px“' ’

+» . :
UmT = 0; limT=mhyt* | A (\8chBbp + ashfbp)
e _S. YO

In conclusion, we note that if the gunction £(x) is resolved
{n the Fourier sine integral, the problem {s solved in an analogous
manner; therefore, the assigned problem can be solved in the propo-
sition that the function (f£(x) can be reprasented by the Fourier
integral in its general form.

Summary
A method is discussed in the paper for determination of a

three-dimensional temperaturs field of an {nfinite flat wall under
mixed boundary conditions (2), (3), and (15), (16), and (17).

An exact solution is obtained in the form of equations (18)
and (21). -
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TEMPERATURE WAVES IN ELASTIC STRAINS

V. 8. Khomenko
Hydrometeorological Institute, Odesss

On the basis of the thermodynsmics of the reversidle
. processes, the plane problem concerning periodie pressure
of a rigid die on an elastic semiplane is exsained.

gtatmnt and Solution of the groblal

With speeds of strain a littls less than the speed ef pro-
pagation of elastic waves, it is possible to proceed from the .

equation of the statistical theory of elasticity /I 7. The latter -

in tensor symbols have the form /4, ¥/: '

.
i

,‘4-2'1 =0, o m(re - 1T) &+ 28810

: 1)
emy), Y= a (3 + 2p).

In addition, the strains § 1 are conngcted with displacements vy
by the relationships , o ‘
ol
i (:""L +%) . , @
2\ s

Subsequently, we will examine the plane stress condition,
i.e,, vo will assume that 6”-0. .

We set the axis x\=x along the border of seaiplane conditions, :

and the axis x;=y vertically down. The displacements u -l '2' can
be expresssd by the harmonic functien @ and the function f {a the

e | , <




}-’;;llowing manner A, 2, 47:

U = —- At 2 J(é&l&l - y%} +d¢

3)~+2p F
40\ +p) de ¢¢ @ -
Uym ————Z 9 -y =0, ADm=—_1T
R TR T T

we place in force the absolute rigidity of a au -undc'r the latter

hezre
43:1:2:) %J"q’ 0"~;~'a=’.»lx|<“- y=0.. 4)

With the use of equality (3), it is possible to represent
stresses 5 ,, and (S .. in the form:
12 22
A ‘o
ll

= 2p !lp

by w1 }_'_? 9 &2
Ll VE e AR VIR

At the border of the uniplanc with y=0, thc tcngcntial
stress is absent

Jo_y
- (S) .
with lxl < a applied pressure
°n=‘2!ld’? i TRVIPR é’:‘l.-
+ ' ]
(6)
and with [x[7a =Py(x) +Pi(x)exp(jut), j=V =T,

L . 4 = - 0. (7?




.r- Subsequently, in complex values, only the effective part is —‘
assumed,

The functions P and P, ars subject to determination from
condition (&) and the %mn total force.

Q+Qexp (o=  Po()ds + expljoi) Pr(r D

Prom the equalities (6) and (7), we have the following limiting
conditions for the function q) with y=0,

) T (x) - E?..{.-I_IP.-}-P,exp(jnt)]. |x1 <a,

‘g:_o__ P T R VIR
LU ¥ 1 _r_2e 9
204 9) T('x o fM|x|>ar ()

Por the determination of the temperature T, we use the
squation for heat conductivity

bt

As shown in the work /5 7, for the reversible processes the
value q can be determined from the relationship :

Qo

) 1,
q= «..77'.:&1-_; wly bty _prdr - an
Y P2 fydt A pft

(From the results of the investigations of N. 8. Fastov L7 1
follows that the thermodynamic process can be considered a9 reverse
with small frequencies of stress.) Onm the basis of squality (11) .
the equatfon of heat conductivity can be written in the following

form . . 3. J. ,
1‘1'.) T i 417, &'
cb 1)l mpar -SRI TR a2)
e il vy 17 |
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sIt a heat axchange takes plce on m boundary of the semiplance, —‘

the condition should be satisfied

AT (13)
+§T-0 vhere— = 0. ‘

On the strength of the equality (6) the function (P can be
represented by the expression

@ (x41) = 90 (xy) + 1 (xp) exp(jol), Aoy, =0, (18)

vherse §° o is the value of the function @ which corresponds to
the conntant component of pressure, and ‘P 1 s the complex amplitude

of the variable component (P 1t is not difficult to see that the

temperature effects in the uniplano are caused by the exceptionally
variable component of the pressure force. Therefore

Tl =To() exp(ud, O (= dpexp(ied).

For determining the values ‘Pl' Tl’ and ¢1 in accordance |

with the qualities (3), (5), (9), and (12) -(15), we have the
following differentital system:

; T
- L] ___)1' Ajoerle g
A% =002 ("*wp Higam
. d% o 16)
A¢ -—-————-T' w--‘-o '
YT R ‘-M-'

With y=0

IR L Ye
TS 3 (%) — F+ Pl(x)o |‘|<“

1 %
2(A_'_M'r,(x) TR |x| > 8,

%- %HT;-O

-1l -

1-

(17)

[




r;sldu the conditions (17), {t is necessary to require that the
sought functions decrease towards infinity, and on the border of
the semiplane with | x| <a, y=O satistied equality ()

40+ p) a(w, 4 +Am . A
P+ 2 .

Por solution of the auigncd mission, we use the Pourier transfor-
mation

Feor= [ ronexpitnds,
—e - (19)

f(xy)-—'— f’f‘(ewexp(—tex)as.

{n which the simulated unit i does not interact with the temporary
simulated unit j.

With the use of the transformaties (19), the system of
equations (16). (17) is written in the form

d"l"; Y. - d‘T' —@+ ’)T -IS‘V:. .
T — 0, =0, T ®+j o
d—‘d%"- - E‘al - 'ﬁ—.lo

s-M—; n-—l‘_.
k(3\ +2p) 20+ 1)




‘F"' Apart from the conditions (21), a limitation (18) is placed oﬂ
the functions being sought which is connected with the absolute . .
rigidity of the dis. From this conditioen, with the use of the Fourier
integral and the second equality (21) we obtain the integral equation

© 0_
5Eexp(—itx)di S V,dy=0, |x|<a. - (22)

Equation (22), on the strength of the parity of the function \V. § (gy)
with respect to g (parity of the function ¢, ("Y) with rnpccl

to § follow directly from the relationship (3) and the conditions

of symmetry of vertical dhplaciuntl) has the following solution
satistying the first equality (20) /7 7 :

V- Al.(ai)exp(—iily). | (2%) -

where A is the constant subject to determination.

It is easy to prove that the solution of the equations (20)
under conditions (21) and (23) are detsrmined by the expressions:

= _ SA[_ [t|— B :
o= 22 iy eV EFT—exp(= 41t | nted. 20

A s ma 4l AEIns(El =B (5| =VE+]r) ns]
Py () = -] —
25 10 A[ AV B+ir—p) ! w]}.(at). @) |

The constant A, which is part of the relationship (23)-(25) is found
from the normalisation conditions (8)

Q= f P;(x)dx.

Determining from representation (25) the original and last used

expression, we obtain o -
T A -19%[5;(:)1.(4:)!1“—‘?-‘.::] J
L Bl ¢




.. it e

[vhere , ]

jus(c - NE—VE+jr) 18
(v e 4 jr - B) r

F@) -

Transferring in equations (23) and. (24) to the originals, we
finally tind

A
¥, = —
' o

Commey

jo(ab)exp(— |ty —ikx)dE, (26)

AT anl =P exo(e VBT exp(— ;]
Ty= rSi'(aE)[ﬁ':Tr—-ﬂ ex?( yV/E+ir)—exp(— 99| X
X cosé xd €, 27y

from which, in psrticular, we obtain the temperature limit

T-(x)=-’f;gi.(an('/ﬂiﬁa_p ;l)cossxde. (28)

Peculiarities of Tc_l_l_gcutute Diffusion at the Limit

In wmany practical important cases, for example, with a free
heat exchange with a surface, the coefficient of heat exchange P is a

very small valwe which can be ignored (for example, for steel F s 3.6
100! /87. 1In this simplest case, the diffusion of temperature
at the 1im{t of the semiplane has the form '

_SAT (. o ECOSEx _ E@—=x) (29)
rie = 2| (oo 7 =
1]

where E(x) is a unitary function: Esl with x?o and Es) with x £ 0.

We will show that the temperature of the limit of the semi-
plane {s a limiting function. For this, with the use of the trans-
formation of the package we write the integral (29) 4in the form

(next page) _|

-1 -
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[ . _
’cj‘].(aﬁ)ms_x.dt.— | d JK'[VI'(x_at&df+

Vit x dx Vo-1

(30)

Vi—-1

Here, K (T ) is @ modification of the Bessel function of the
second gm of the zero order, and the value x, as a result of the
symsetry of the problem, can be considered positive.

1 d A KoV jr(x +av)]
+ ” dxsv de.
]

It is not difficult to see that only the first term in
equality (30) can have singularity in the point x=a, For the
{golation of this singularity, we note that the function Xk ( T )
in point T =0 has an order of 1n T . On the basis of

this, in the vicinity of the point x=a+ 0, the integral (3) can be:
presented in the form

|+°| ‘x
| d ""a"" ()

-*W_dx V-1

dz +R(x),

where J’ {s a small positive value satisfying the inequality 5’ 70
withx < & > -3 with x > a, and R(x) is the function

which is regular with x=a,
Computing the integral (31), we £ind

;| 8= 2= + Ry(a) x=a—0;
. Ry(x), x=a+0.

These equalities, together with formuls (28) indicate the limitation
of the function 'l'1 in points | x| =a, inasmuch as T, (x) -y 0 with
‘x ~) oo, on the entire axis y=0.

From the relationship (29) with {ntegration by parts, it_is_

uiy to obtain the asymptotic behavior of the tunction T, (x) [ 9/
luut page
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r_ sA(jr)—* 3(2 + aVjr —[
r.(x)-——"-’—’——[l——‘—z;,ﬁﬂ]irou*). (32)

xrxt

As can be seen from formula (32), the complex amplitude of the
temperature gradiation rapidly falls off with distance from the die.

Diftusion of Heat Sources

The complex amplitude q, of the density of heat sources, in
accordance with equalities (11), (14), and (26) can be presented in
the form .

0Ty [ 4pA [
q=— L [31 :%Sio(ai)exp(—iy)cottxdt-l-

33

+ = n].

Prom expression (33) it follows that the elestic strain of the seni-
plane leads to the formation of volumetric sources of heat, the inten-
sity of which drops off with distance from the die, In particuler,
near the edges of the die, from their internal side, thers takes
place a concentration of heat sources, Actually, with y=0

jo1To 4p AE (a* — ") s
[(3x+2m’a"="—x it »m"’]'

whers, as shown above, T, (x) is a limited function,

With sufficiently small frequencies of strain, the second term
{n equality (33) can be ignored. In this case

- 4 V'fl‘.TT.[IA
u * (A +2) X

V=T Tmp - -2+
(T
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’_ At great distances from the start of the coordinates, we

have
My 16j01Tyn A
-“—' M‘ —% N
7' 2 (22 4 ) 3 + 2

Congequently, with a distance from the die, the @unt q, acts as

@ heat dipole oriented along the y-axis and the moment which is
equal to M,

We note in conclugion that the amount of heat which arises as

4 result of the elastic strain is proportional to the frequency of
vibration,

SEboll

A\ A4 == Lame's coefficient; & 1§ -- tensor of stress; £ Tl

tensor of strain; J’ iy == unitary tengor; To -- absolute temperature
of the medium; k -- coefficient of heat conductivity; o -- cugtiehgt
of iinur expangion; ﬂ == coefficient of heat exchange: ¢ -- lp.lcrcit-!.c
heat capacity; P =~ density; q -- volumetric dengity of heat sourec;

which arise as a result of the strain; T(x) -- the desired function of
Propagation of temperature on the border of the semiplane; P (x) --
the constant pressure component; P, (x) -- the complex amplitude of

‘the periodic force of the frequency w/ ; jo (x) -- the Bessel function
of the rero order.

Sumat_'z

The teo-dimensional contact plane prodblem on periodical pres-
sure of rigid die on an elastic semiplane is golved through a single
harmonic entering in the heat conduction equation as well, The
s7stem of equations obtained is solved using tlie Pourier transfor-
ration along with the coordinate. Then the prodlem is reduced to 4
4olvable integral Pect to the amplitude of the
periodical portion of the pressure applied to the die,
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THE ANISOTHERMAL FLOW OF REAL GAS.IN A GAS PIPELINE

by B. V. Shaliwov
Scientific-Research Institute of
Natural Gas, Moscow

Under investigation is a steady-state flow
of thermodynamically imperfect gas in a gas
pipeline, and the heat exchange with the
surrounding medium is taken into accoumt.
A solution suitable for practical caloula-
tions was obtained by the use of the small
parameter method. )

. In engineering practice, ‘the distribution of tl;o gas tempera~
ture over the length of the gas line is caloulated ly the well known
V. G. Shukbov formuls agplying to thermodynamically ideal gas flowing
at & low speed (1). There are cases when the gas temperaturs at the
end of the pipeline is lower than the temperature of the surrounding

- ground (2). This does not agree with the V. G. Shukhov formula and

shows that it is inaccurate with reference to the flow of gas. It is
#ss\med that the temperature drop is caused by the fact that the gas .
is thermodynamically nonideal which has to be taken into account in
case of considerable pressure changes (2). At any rate, no satis-
factory quantitative estimate is available. I. A. Charnyy's mono-
grach (1) cites a system of gas dynamic equations for real gas and
examines in detail a case of adiabatic flow (the Joule-Thomson e£fect).
“Below is the effect of nonideal gas on the temperature of a

gas line where acoount is taken of the heat exchange with the surround-

ing medium on the basis of general equations of gas dynamio.

L , | J
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I. The initial equations sre those of the law of mass preser- |
vition and the Guantity of motion and balance of energy which, dis-
regarding the uneven distribution over the gas line sross—section,

looks like the following: 1wf = G = const,
w! dp dx . o
d{— —_—tdz +— A —=0,
(23\)+ 1 tat ¢ 2% 0
d{— LI I ST

and the equation of the state of real gas, for which the Bertlow

equation (3) was used, is

i S _'.’_T=( _ “)-Z(p.r).
7 =1+ e i U @

Deducting the second equation (1) from the third, we get the

heat inflow equation

dp KUd de .. L
S G (To—T)dx + y 2% (3)

It is known (1) that in the case of gas flowing in a najor gas
line at a slow speed, the equation of the quantity of motion may dis-
regerd the changes in the speed-produced pressure and geometvic height

as compared to the changing plezometric pressure, and take
d . ot '
L= o ()
1 d %
Then the equation of the heat inflow can be represented with the

same degree of accuracy as -

K1d
6 .
or, using the well known thermodynanic relation for an enthalpy (1),
s c,dT+A[v—T(-g-;—) ]dp-%‘—d-(T.—T)dx. -
L "N N O N
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“The designations used here are well known and coincide with those |
taken in (1); the exceptions are T, — the teaperature of the surrownd-
ing nedivm and K — the full coefficient of the hest transfer from the

gas to the surrounding medium.
The problem is thus reduced to the integration of two nonldnear

equations _a _ )\ [_G_ 8 ZRT
d« 2gd L f) »p

dr 9 AR.T, 4K f
s [1 18-1.,-] 5 To=D n

with the initial ocnditions p = py, T = Ty and x'=0,
To sinplify the problem, we aball take A, K, and o, as constants
of the gas-line length, and average Z, value as the coefficient of

compressatility within the temperature and [ressure range under con~

sideration.
We shall introducé the dimensionless mia.bloa
p T T,
t R i ﬂ-—' T -, 1.--
Pe T, T,

and assuming that _ 9 AR 4 a:_l_M(—_f:
128 ¢, b’ d ¢ G

[ 88[!]
“ZRlz, V|G
we shall change theeuation system ("I) to the tollom:
d=
y l—-—- — + (% =), ‘
dx [ ] ®
%n—%—-}. f=g, tTm MPH 2w,
L <
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1

v

7 (%) = 0, 7(x)x 0, we get:

- v

" II. In the case of an anadiabatic gas flow (K%0), the aol-”!

ution 5f the equation system (8) can be obtained by the small para-
neter method (4). ‘ ‘

S B e ANy

In the majority of the actually important cases the parameter
€ is very small. Withe= 0 (idesl gas), the system (8) will look

3 wings
like the'follovi.ng ﬂ-a(%—?) ﬂ=_f_'l | 'i
dx " odx b ¢ (9 .

Its solution, in keeping with the conditions =7 ,¥s7, ,

and x = 0, will be: o(x) =1.+(r,—t.)exp(—at).

‘P(x)'-'-' [ *f 1 201. %= b ‘—bv(ﬂ) ]lll ) (10)

b .
Ve shall further assume that :
Xmg+T, Rmw, (11)
d= _o[s_ ¢+?]

Fron (8) and (9) we find: dx bly ¢+=x _
d= ¢ [ e 18 ]*_”a;
dx  ¢+% g+l

tm0, t=0 npy x=0,
We shall look for a solution of the latter system in the form

(12)

of small parameter € series. Bearing in mind that with € < 0.

%(x) = my(x) + ...,
COETAC P
The convergence of the scries is insured .byvtho Poincare theorem (4).

In the future we shall confine ourselfes to the first terms of
L- ,
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i‘:.xpam:l.on (13) in view of the low € value. Subltitutinc (13) in (12)!
and dividing the pover series (P 70, ¥ #0), vo will finds

] e
Gogf-Bla

‘:,-0 x;=0 npu x=0
The solut.ion of the linear equations (14) is obtained in

quadratures: ,-—(qp_ .)j[.._;] 94:.’,.
- . (as)

" - — W‘St,(t)dz,
and the relation 9P =.P(¥) 1 prqvided by: the'equaticns (10).
These integrals can be computed to a desired lccnuqrtv '
approxinste methods. ' | |
1. Let us examine in detail a case inwhich 7,2 T¢ . The

relations (10) and (15) are simplified:
)y, §(x)= [s*-- 2 ]’

(16)
= .’.’.[_1.138. -1 ]exp(—aa)fexp(ﬂ)ﬂo

Ve shall express the latter integral ky the Gauss fuanction
, £

| :are-—zﬁrs exp(—1)d,
whose values are tabulated (5):

i b [18 |
f;--l/-ﬂ- :Z-f.g[ —l]exp(ml")lerf(*.l’c) el (g Ve)l. (17)

2 a
Disvega t.ho correction for premm in the case of non-

ideal gas which is very low, that is tah.ng aeY, we wﬂl present

o
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wy:

- ["7 e ]v..t-to—t'. | i
c

= -‘%Tl-— Tl— exp(cx)erf (=, V C)"'el'f (*V" ) s (18)
9 ‘AR[ 18 ‘ ___l_’_
=" =, [«%_l]' =

It follows from (18) that 7 will diminish or increase with
the drop in initial pressure depending on whether %, is less or more
than tho inversion tempevature by Zwv, = VIS .

It can be shown that function (18) is monotonic, and for this
reason the maximum change in the gas temperature due to its nonideal
characteristic, as 6ompared with the initial temperature, ocours when

9-" =0 'tm - Vn I. erf( _)
Tan o i)
2 }/Z‘. (19)

2. Siill more interesting from the point of view of applica~
tions is the case when ¥ 5{ 7 . The following conditldna are usually
fulfilled . '

k lBl=in =gl 631, -1

(20)
7

The function F (& ) =g* -1, where PB)=T,+3 EXP (-ax), we

shall expand into the Maclaurin series with each fixed value X , dis-

regarding the terms of the second order of the infinitestimal in

relation to & @ F(3)= (_1_§___1) 36 - 3exp(—anx).
. 10
. * '
e T o e—nl (- .-—Ld' + Hm—
® o a(?, .o) (-3 )5 e R Y
L — . J
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. vam

"™ o caloulste the integral in (21), besring in mind tnequality |
| (20), we shall rejlace (without guch loss of acouracy) funétion v

by a simpler one ,;(')__[‘% _ yf!_ ) ]-/.. |

v

wheveupon the mentioned integral will be expressed ty & gauss funotion

analogically to (16). . |
Taking e W= ¥ , e shall express the final solution in the

following forn |
em{t= G- 2 =l - exp(-an) |-

t ma 7y + (7 — %) €Xp (= @%) — =,
- I , . |
R 1/—21-1- _;7.-'5_ exp (cx¥)[erf (xy/c) = erf(x ¥ ¢)] = (22)

__8.1_ AR %
32 ¢ |
9 AR [18 ' ] '

= (=) exp|=clsf = )],

€ M ———

I.--————-— —-;--—l 2‘.

128 ¢, L%
Taking inequality (20) into account, it is quite possible to use
formulas (18) instead of (22) for calculating 2 wd 7' .
3, In the case of a fully heat-insulated gasline (K =0), an
‘approximate solution can be obtained from (18) ty & saximum change

withKﬁ'O: .1-?‘—1‘, “.-l(*l—“)v )

‘-[‘2—-29:_‘.']'/!. l-—g—"“"‘-&' ls_l]. (23)
b

[ 4

' 18 ¢, LW
L <
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It is simjlar to the linoa.r.fud solution for ¥ander Waals' 3: !
found in (1).

III. In addition to the other well defined paremeters from &
physical point of view, the distribution of the gas temperature over
the length of the gas line depends on the full coefﬁoient of heat

. transfer K characterizing the heat exchange with the surrownding

pediun. The methods of calculating it in concrete cases are found in

(6) as well as in veference manuals on heat transfer.

r.
25 -
- pAd
5 d
10 A P

LA 3

, =2

0o ©» 20 X0 W b

Fig. 1. Relationship between T*(°C) and

1 - K=0; 1'- K=0(1); 2 - Ks1.16; G - 1362.5;
3 = K=4.65; G =1362.5; 4 - K =1.16; G=681.25.

Under turbulent conditions of gas flow :Ln a gas line the coef-
figient K depends on hydraulic factors, but the range of its depeandence
on the Reynolds 'pa.ra.met& is very narrow. in,tho case of high Re
numbers, the coefficient K is actually determined by the heat—conduct-

ing properties of the surrounding medium and can be calculated by the
Forheimer, Arons-Kulateladze formulas, etc. In practics, a certain

,

{_average value of coe’ficient K is frequently used. According to the
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* Tavestigations by Pistol'kors, K may be taken (in terms of wat x|
degres) as 1.16 for dry sand, 1.45 for damp clay and 3.49 for water-
saturated sand. The latter value is pomuﬂod also ty Shukbov and
Leybenzon (6). In a .wrbulont gas flow X is larger than in a laminar
'f1ow; & fully heat-insulated gas pipe}ine reduces K to zero.

To estimate the effect of the themodypmic non-ideal character-

¥ istic of gas.on the temperature conditions of;';gm -gés. 1ine, ‘calculations

were made under the following condi tdmnss 1 = 120 kn; d = 0.8; A= 0.0035
metaans gas; T, = 190.5°K; R = 53 w/deg.; op = 2.219 XI/g T deg.;
Py = bhed X 1° hxa g =093 }

‘Formulas (18) and 23) were used to caloulate the drop in the
gas temperature T* produced by the changing gressure Ap = T vith |
py = 53.9 x 10° /a?, 1, = T = 15° and various vaight loss values O
(in n/sec) and coefficient K (s0lid lines in fig. 1). The theoretical
distribution of the gas tempsrature over the length of the gas line was
calculated by formula (22) for real gas, and for a comparison with V. G,
Shukov's formuls (10) for ideal gas (Pig. 2 |

- 187 -
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J

0

N\

0 20 W 60 80 MW =z

Fig. 2. Theoretical dependence of T o¢)
o (i) with f’: 253.9010° h.m"2;
G =1362.5 n.no K = 1.17 wtem™ -2,
] ‘8

1 - through (10); 2 - through (22);
3 - ground temperature.

The calculation shows that:
1) the temperature éurve corresponding to real gas Tuns con-
siderably lower than the curve corresponding to V. G. Shukov's formula

(10) under identicel conditdons (Fig. 2);

2) the drop in gas temperature caused by its non-ideal chanct.or-

istic depends largely on the rute of flow of U and coefficient Ki all
other conditions being equal, it drops with a decreasing G, and in-
creases with a decreasing K to a value corresponding to the Joule-
Thomson effect with K =0 (Fig. 1);

3) the non-idoai’ characteristics of the gas may ceuse its ten-
per: ture to drop below that of the surrounding ground, which agrees

itk the natural observationa (2. ' L
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i The selection of a ptrt.icuﬂr equation of state is not a utm
of principle importance. The Bertlow equation, &s is lmown (3), pro~
duces good results under moderate pressures, a2 in the case of methane '
1n the field of pressure ( 0 - 100) 10° h x w2, In the particular
case of K =0, a comparison was made of the calculations based on
fornulas (23) and the similar I. A, Charnyy formulas for vander Waals'
gases (Fig. 1) which are found to be practically the same within the '
temperature and pressure range under consideration. |
Thus the V. G. Shukhov formula applicable to the flow of gas
in & gas line under changing pressure shows over-estimated gas temper— ’
ature values as it does not teke into eccount the non-ideal character=
istic of the gas. This should be borme in nind whenever it is im-
portant to know the ges temperiture in a ges pipsline (the depth of
the pipeline, the condensation of hvd;ocarbons and water, etc.).
A generalisation of the outlined method of solution doss not

involve any serious difficulties in the case of the virnblo-louth

gaslinenmd‘fo.

Bibliography
1. Chernyy, 1. As Omovy Gazovoy Dipaniki (Tne Basis 6t Gas

Dynemics), Gostoptekhizdas (State Publishing Louse Of the Petfoleum
and Fuel Industry), Moscow, 1961.

3, Soborre, Charles E., 0il and Ces J,, 53, No.2&, 1954,

3, Karapet'yants, M, Khy Khiniche Termodinanmika (Chemical
Thermodynamics), Goskhimizdat (State F\Tbﬁs& House for Chemical
L}itcraturo). Mosoow, 1953. '} J

189




4. Beresin, I. 8., Zhidkoy, N, P. Metody Vychisleniy (Calcula-
tion Methods), 1, 2, Fismatgis, Moscow, 1959.

5. Segal, B. 1., Semendyayev, K. A. Pyatisnachnyye matemati-
cheskiye tablitsy Five-Cipher Mathematical Tables.
USSR Academy of écicncn, 1950.

' 5. Leybenson, L. 8. Sobraniye Trudov (Collected Works), 3,
Bubl, by the USSR Academy of Sclences, 1955.

5132
CsSO: 1880-D




COMCERNING THE FIELDS OF A TURBULENT FLOW VELOCITY IN A CYCLONE CRAMBER

by V. A. Schwab, |
Branch of the Omsk Institute of Railroad Engineers, Tomsk

The subject under consideration is the velocity
field of a turbulent isothermal flow in a cylindrical
chamber with a tangential supply of a medium, as a
result of the generalisation of the viscous movement '
with an average alue of the "turbulent agitation”
coefficlent. ‘

The characteristic features of the twisted turbulent flow produced
in ap&c‘i:;igcyclone or vortex chambers with a tangential supply of &

. medium ave incorporated in the production of high pressure heating de- |

vices, in the designs of a number of separators, various types of
pressure and feeder installations. From this point of view it would
be interesting to generalize the experimental investigations of the

velogity £ields in such cyclone chambers on the basis of theoretical

principles. In this sense there are some possibilities, if the turtwe
lent movement in a grclone chamber is to be considered as & result of

the generaliution of the viscous movement pfoblcn y uung. the tvo;'uo .
value of the "turbulent agitation® coefficient. In this case, as will

be shown later, it would be possible to establish the velocity field

in the peripheral region of the cyclons according to the imput of the
pedium through the qclon;, the coefficient of the flow turbulence lll'd the
basic dimensions of the cyclome, and generalise the experimestal ine
vestigations of the velocity £ields.

L | | 4
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Fig. 1. Diagram of oyclone ohamber

For this purpose we shall examine the movement of a medium in &
cyclone chamber with a radius R, and L long (with an arbitrary value of. |
the L/Rg ratio) and its tangential supply through nozzles whoss cross-
section outlet area is determined Ly the product of dimensions .
Y &by (Pig. 1). The exit of the mediwm from the oyclons is through
anwopening in radius R and the P.l/P.o ratio may have various values.

In the peripheral region of a cyclome (r >Rl) characterized by
& tangential supply of a medium along the onti.re"qrolon'a generator,

. .there is practically no agitation in the direction 2, which is normal
in relation to the rotation plane; in that case, the movemeat in this
region can be considered as a plane movement depending only on r and
P with the use of a cylindrical system of coordinates. The effect of
the axial speed component u,becones substantial and a central part of
the cyclone at r< R; where the cylindricel surflco of radius 31 h’ "n,l.n
| the fivst appro:d.mation,tho surface of the division of two different K
t:egions of medium movement, peripheral and central, which can simultan~

| L:ouuly'bo considered as the surface corresponding to the *merger® of 4
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The mediun under the effect of centrifugal forces through the ouklet |
opentng of.redius By. In this comnection, the divisicn surface of
vadius al is the boundary in the changing nature of the distribution _
of the transverse (rotating) speed componeat ugy . As is imown, the
experinental data revealed that in the peripheral region (r>R) u,'

: mcrmos with the decreasing radius in accordance with the exposential
rolutionship, and in the central part u, is approximately proporticnal
to the radius, which practically corresponds to the quasi solid rota~
tion of the medium,

In the case of the peripheral region of the cyclone (at > .81),
assuming that the movement does not depend on coordiuto“ s, and noting '
that the terms containing the dorintivu% are excluded in view of
the flow symmetry, we will get a differential oqutm for a turtulent

movenent in tho follow:l.ng form

, |
ru ) ouw  u 4y U - Q)
oG e )k,

%, oy, 4, [ —r-/' : E (2)
N L

and the continuous movement oquttion
T +‘-' -oo | (3) .

wheve the solid line indicates the time - averaging operation, and un
% .

ey v
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dot the corresponding values of the pulsing speed components. In

later presentations, all the -transformations will:refer.only.to time

averages, and the averaging sign will therefore be omitted. As a

result of the separation of variables and integration in (3), we get
ru, = const = ——3 (4)

pLY A
vhere q 18 the volumetric consumption of the medium through the

nozzles. A negative sign indicates that the direction of the speed
comgonent % is toward the cyclone axis. By substituting the values
up in (4), we £ind from equation (1)

-2 -2 !
—l—[u3+u3+~u, +u,]--!-é£. (5)
o CL e J podr
.Bearing in mind that the viscous tangential tension in the case of

movement under consideration is
1".I_“(au __l_l_._) - P,i("_?.) 1

and introducing the designation of the turbulent tension component

- ——
Tor ™ = pUy Ur,

equation (2) can be expressed bty tension

oy Ugl, 0 - ' 9 ' _
9(u, Or. + 'r )-57(1,,+1,,)+7 (qr =+ %or)- (6)

On the basis of the general principles of tho'aemiompirical theory of

turbﬂmce, ve will assuse that

- d [u ,
| ‘or'”d';'(',!‘)' | )
and that the kinematic oocfﬁ.c;ent of the "turbulent viscosity" is
-l -l‘rl%(‘i"-) . (8)
L | : :
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'IT some average valus of the coeffToient € =€, can be taken in the ™|
vegion of flow, at v > Rl, equation (6) will amount to the following

" after the substitutions of the T,. and %pr values

duy Uyl *u 1 duy 4,
u,-3,4+-!;--(v+-.)(-5;|'-+77-7)- )
Asugy Sue (r), equation (9) can be presented as followss
du l4+m du l—m - .
A Tttt e =

. where
mesq[2xL(v+¢)]= (1)
equation (10) is a Buler type equation, and its two particuler solu=-
tions should look like '
u.? =Y K . ryen
The substitution of value u, in (10) produces ‘
B4 mk—(1—m)m=0,
hence we have: .
The general solution of equation (10) is
u. -Af'"""" + Br, | (12) '
The arbitrary constants can be defined from the following consider-
ations. A certain speed Ugs is established near the oylindrieal
wall of the oyclone but not on the wall itself, so that
g s Uy, NIPH 7 = R, (13)
Besides, when q =0, that is when the mediun is not saifted in & rediel
diroction but the established speed value L) atr= R, continues, the

L:p..«; component u ¢ should be redistributed in acoordance with the | |
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" Totatioh of liquid as a solid bodj. This movement can be produced iy

temoving the entire medium flowing in through the nozzles to the
cylindrical wall of the cyclone through specially mede openings in that
7all, as was experimen'tal]y proved in work (1). Obviously, an anajogical
case would be the rotation of a soldd cylindrical wall when the cir=
cular movement of the x_nedium on the external boundary is caused by
viscous tensions on its sm"face, and in this case the medium inside

the cycle chamber will rotate as a solid body.

Thus when q = 0, it is necessary to have ug = Ar which is 5
possible with B = 0. Using the boundary condition (13), we get the
following final vesult for ug with r > Rys
Uy = tgy (RIF)", (14)

Where
nem—1==q[2xL(v+g)]™".

Thus the relationship characterising thn £ield of the rotational

speed in the peripheral region of the cyclonc vith £ 2> R has bun
established. Relation (14) makes it possible to establish the c!!cct
on the velecity f£ield of medium q, the length and radius of the cyclom;
and cocfticicnts € andv .. Here the value €p is considerably
greater than v ' which’ in most cases makes it possible to disregard

the value of the latter. A quasi-golid rotntlon of the medium is
initiated when EofV ‘?0 Juct as in ¢ = 0. When the viscosity of

thc aediva disappears, tlut i.l whlnfo'l'\/-70 it !ollm £ron (12) that
L— . . ' - B/f - u'o R/r. o (15) J
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 Gomparing it with (14), we £ind the following conditions !
mumq(2xliv+e)t <2 (16)

Thus the meaning of relation (14), with low”%* v values, is limited

ty (16); consequently, with certain %+ v values it is possidle to

produce & moveaent in the cyclone only when the q valuea shtiafy (16)

The value & , defined by (8), we shall compute as the average
nagnitude mithin the periphersl portion of the cyclons at ¥> Bys We
shall assume that the "swirling method" 1 is proportional to radius

1 =47 , where x is the constant subject to definition by experimental |

astacds. Tron (8) and the additional use of (14) e will get the
following for € |
tam 8 _u_!'_qR‘. (.R.?. )'-'
2Ly \r )
Atteibuting the avevage valus & to the aversge valus of the radius
in the zone under consideration Top =m » We find

"~
tome xRy Uigy [Ux[(R/R) T,
lUrg| = g (2% LR,) . .

2 (18)
The effect of multiplier R)/R, may not be taken into account,as the

Qa7

where

index value of the experimental data on the used values R)/R. = 0.15-1,
{-

does not exceed the range -7'3-z 0.1-0.15. The following assumption

in this case would be fairly acocurate

'.-"RQVW | (19)
| The value o constant X is defined on the basis of the aperinsatal t
o
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; investigations of the velocity fields in cyqlonos. Since according tg
(14) and (18)

nw|upg|Rysg —1,

we will get the following, bearing in mind (19):
e l/-l“_?o_l . (20)
n+1 oo
Tae values X , calculated by the experimental data (1, 2) 4n

~accordance with (20), are plotted on a grapgh (Fig, 2) in relation to
M= J«‘-‘ug‘% » bearing in mind that the volumetilc flow through the feed

nozzle

q= u.xza‘ b,
[
where u,, is the speed of the incoming medium, we get for M, taking
1
(18) into account, | 2 o, /s
M= tax o
Ugp 2vLR, / ()

It follons from the graph (Fig. 2) that the value x 1s subordinated
with precision to the linear relation
| x = 0,01 + 0,56 M. (22)

The order of magnitude X agrees with the values obtained ty L. 4
Vulis and V. P. Ustimenko who considered the turbulent movement in a

cyclone from the viewpoint of its qualitative conformity with a rota-

ting tubular jet. Relation (22) was constructed by the use of the

experimental data obtained ty measuring the velocity fields in ayclones
7ith a tangential supply of a medium cnly (1, 2). It should be em-

(phasized that the vesult obtained in accordance with the formulation
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Tof the problem characterizes the velocity £ield in a oylindrical

cyclone where the medium is supplied tangentially. A partial supply
of the medium through sn exial nozzle in the central part of the

cyclone accelerates the growing speed in the peripheral part of the

oyclons . . (the n degree index is higher). This phenomencn can be B
explained by the support produced by the air mass introduced in the

central part of the cyclono'; it is confirmed bty the testa made ly
D. N, Lyakhovakiy (2) in which the volume of air introduced through

the axial nozzles amowted to one-third of that introduced by tbe

tangential nozzles.

Thus the field of the velocity component up in the peripheval
region of the cyclone (v> Rl) is dotinod ty the exponential relation

&
a8

0s '/
04 —7

o-f

a2 a=2

V1 i

0 o 08 @2 6 2 xA0

Fig. 2. Relationship between coeffi-
olent ¥ and dimensionless para-
meter M, acocording to expsrimental
datao

1-Ivanov, Katanel'son, Pavlov, 2-Vulis, Usti~
menko; 3-Sohwab, Kapustin, Shabanov.

‘ .

LSU.) in which the index of powor n, takinz (20) and (22) into mﬂ,
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n = (0,01 0.560)7F = 1.(23)

“will be

u.,o') f

Pt

J

7
Py
,/
L B o—1 R
g a=2
[ K4

0 25 5§ I8 MO 15 15 MN

Fig: 3. Relationship between veloocity drop
S R “i/ x Of isothermal flow end
dinens 088 ‘parmtor

2zR, L . 1-3 --gee Fig. 2.

Tae relation U g0 /u,, =6 included in (21) represents the

coefficient of the decreasing épeed which is defined by the preset

speed near the cylindrical wall of the cyclone and the speed of the.

incoming medium, A reduction in the incoming speed u,, tO U, near

the wall of the cyclone is the result of the energy loss in the cyclone

througti' fi'iction tension on the cyclone walls, the outlet loss of
speed and the loss involved in the central part of the cyclone in the
activation of the air mass through the outlet opening, and other

similar losses, The expevimental data (1, 2) can be used to express

the coefficient, of the velocity loss by the following dimensionless

Lrelation .

J

T ATE DI, AT Ty
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as presented in the graph (Fig. 3). The use of the experimental

coefficient value & obviates the necessity of prescribing m volootv'

valye ugo according to the experimental data in each oomoto oase
in ovder to define the velocity field. It is a very ilpormt ad

mt—pravon faot that tus £1e1d of rotaticaal speed in the poriphorﬂ.

part of the cyclons, in adcordance with the above conclusion, dopm

on the cross section area of the :I.nlot. boszles tut does not depend ou

*'.l

the method of their distribution on the ayclone generator (uu\-m
the same ensrgy loss value at the end). This conolusion aaturally
does not affect the changes arising in the distribution of velooity
componeats %

In the central part of the cyclone, with r« B’_ and fairly
low ¥ajues R)/R. (within the range of 0.15 - 0.4), the velooity field
Ug , 88 in the case of a solid body rotation, is described by a
linear velation

ES

PR L
where ugR, is determined by (14) with r = Ry4 A smoothing=out pro-
cess ocours at the joint of the speed velocity profiles Up » 30 that

—5—“‘!—-omhr=al

""(2 g ) 1 . . j
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Ammormnnncsummmmbcmmwmnm
SINGLE-PULSE SHOCK-TUBE METHOD

by V. G. Knorre
G. 1. Koslov
Power Institute h. G. M. Krshishanovskiy, Moscow
Tha process of thermal decomposition of ethane has been mmc '

bafore by various uthod. in the field of relatively low temperatures

(8, &, 5). But the data available on the total kinetics of high temper- -

aturs ethana decomposition are still {nsignificant. We therefore i.ntthd |

ted a study of this process by the method of a o;nglo-pulu shock tlh L
dascribed in work (1). ' — |

|
m_-_-_‘. ———————
T,
/
I
J i
m -
i
Y
}f
ﬂ-;r———""
i
o5 1 ; M

Fig. 1. The velationship between the tempersturs behind the reflected
wave shock and the Mach number of the incident shock wave

| _1-for pure Ar; 2-5% uixture of CyHg+95% Ar o , __] -
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An analysis of the veaction products was made on CH,, OpH,, |

0232, H2 and in a number of tests on CH‘.

ges in the high temperature "plug" during the tests amounted to about

The pressure of the reacting

405x103 nxnm 2 and the reaction time between the testa fluctuated
Lfrom 0.7 x 10 -3 to 1.1 x 10~3 sec. The calcula.tion of the gas temper=
ature behind the reflected shock wave '1‘5 took into account the rela-

tionship between the ethane thermal capacity and the temperature on

the assumption that the oscillation relaxation had been completed and
there was no chemical reaction. The dependence of the theoretical
temperature on the Mach number of the . incident shock wave for e 55
nixture of C ¢y 6 + 95% Ar is shown in Fig. 1. The mixtures containing
ethane of the order of 1% temperature '1.‘5 was calculated on the basis
of caiculation curves obtalned for cases of pure argon and a 5% mix-
ture of Gy + 95% Ar. The T value was used as & temperature reac-
tion Tp, with a correction for the reaction heat. The iatter, in turn,
vas determined by an analysis of the reaction products that took into
account the dependence of the thermal effects of the decomposition re—
action of ethans, ethylene and acetylene on the temperature.

The tests were made in the interval of the Mach number values
of an incident shockwave which extended the range of ethars transforma~
ion from about 2 to 90%. This made it possible to cover a reaction

temzerature range from 1,160 to 1,580° K in these relatively short
vesction periods. It will apparently be quite difficult to rise to .

{_the region of still higher temperatures even by thess methods, 4
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Table

the reaction pro-

ducts, %

Composition of

“°(°H *I)

2IN3XTW U UOFIVII
-uaouod Iueylid (¥IIFul
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¢-Ut X O~

‘JWI3 uoTIDEIY .
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Speed-temperature dependence of ethane

‘< 1
N d

W

’
e ontd

To determine the order of the ethane reaction, tests were made

o

o gny o= — ey g W S

. ‘oM 383,

| 29993IBIHEASIBIVET.

with a 5% mixture of 9286-\- 95% Ar with the same M number but differ=

ent pressures in the veacting gas. The figures on these tests ave
shown in tae table under numbers 145; 138 and 144. A comparison of
the veaction speed values in these tests reveals that the thermal

,decomposition of etharsdoes not depend a great desl on the pressure _J |

.




t

- Ghanges within the approximate raige of 202 x 103 to 607 x 10° b x &,

which indicates the first order of the reaction. The tests were
made primerily with a 5% ethane - Ar mixture. Several tests were mde

with 1% ethane concentration in the mixture.
og4; o\'l

30

. ° °

i \
o\
N\
T N\
| %
® 6 w B w & o
* 1600 %00 1200 T

Fig. 2. Temperature dependence of the speed
constant of the ethane pyrolysis pzjooou:

1-5% CH;; 2-1% O

o-1|
| o=2

The test results were processed in accordance with the reaction
of the first order. The primary experimental materisl and the calcul-
ation results of the reaction speed constant of the first ordet; in the
ﬁhermal decomposition of ethane ko are shown in the table. The temper-
ature dependente k, is represented in Fig. 2. This chart shows that
thg acpivétion energy of the thermal decomposition of ethane decreases
with iﬁcreasing reaction temperature. But as the latter increases,
according to the table, the degree of ethane decomposition increases.
Thus the seeming activation energy of this prc;cou decreases with tho

increasing decomposition of ethane. This result agrees with the -

L | J
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t;';t;m::l.ns:tcm reached Ly Skinner and Ball (2). Pigw'e 3 sbows & oolpqr': g -
ison of our data with those of other authors obtained froa a rmuvq:,:

lov degree of ethane transformation. Thus in the tests carried out w

Skinner and Ball the degree of transformaticn did not exceed 20, snd
that is why their data are found within such a narrow tempersture

interval of 1,060-1,220° K. This graph shows that, given & tesger=
ture corresponding to & low degres of ethane decomposition (sot mere.

than 208), the results of our tests well agres with the general
tendency of the temperature dependence of the reaction speed oonmat l.c
But at higher temperatures and degrees of decomposition the speed
constants obtained in our tests will amount to only several peroent

of the values obtainable by extrapolating the data on corresponding
low degree transformation kyge This experimental result indicates

that ethane pyrolysis ocours in & chain mechanism with the participa~ .

tion of free radicals. It is interesting to point out that ky does
not depend on the ethane concentration in the initiel mixtuve as ime
plied in our work (2) and by our data. The ky dependence on the

degree of transformation is apparently dus to the inhibiting action of a

one of its decomposition products.
The grash represented in Fig. 3 can be used to determine k2g.

The angle of incline of Arrhenius straight line drawn through the a— ' §? '
poriment.al data with a low dogru of ethane tranlforut.ion oormpm

to the activation energy of 1,140 Joule x b "L, on the othor hand,

L_Skinmr's and Ball's data indicate an activation energy equal to -J- o

* d

D Y & .y




:- 3770;..7 oule x h™*. Other researchers cite their omn values.

Fig. 3. Comparin

lngt,
¥ o=
‘1'\, *-J_
‘TN =i
‘l .-s
-\‘ s
?
0
-I L]
=&
\
§ 4 10 (L

1600

1200 =,
g the data on the temperature dependence of the speed
' congtant of ethane pyrolysis:

1000

600

1=(4); 2- (5); 3=-(3); &4 - (2); 5 - ours;
6 - a case of a calculation pre-exponsnt

"It seens to us that the following method of determining the

activation energy of edhane pyrolysis is more correct. The free atoms
and ‘radicals determining the speed of ethane pyrolysis can be produced
by o break in either the C-H or the C-0 bond in the ethans moleculs,

If ‘the process is a momomolecular one, then, according to the theory,

=

the pre-exponential

" — 208 —

factor should be of the order of the frequency 3




.
» v [y

; oscillations of the valent bonds in the moleculs. In the case of urf.

ethane molecule this frequency amounts to approximately 3,000 Ql'a'.

That means that the pre-sxponential factor of the speed constant ky
15 equal to 9 x 10* sec™, An Archenius straight (dotted) line
corresponding to this value of the pre-exponential factor is drawm
acvoss the experimental data (Fig. 3). The activation energy value
caloulated from the incline of the given straight iine was found to be
equal to 980 28 joule x h™-. We thus get the following expression
for thé ultimate speed constant of ethane pyrolysis:

k,,-;-9-10” exp (—i%‘_"i-) . (1)

It would be interesting to compare tho.a.ctivation energy, thus
defined, with the C-H and C-C bond-breaking energy in the ethane
moleculs. There are different values of these band-breaking energies
mentioned in literature and recommended by various authors. For ex-

ample, the C-H bond-breaking energy valuss cited by various authors
ae found within the interval of 1,210 - 14420 jouls x b™>, and for

the -C bond in the interval of 840-1,200 joule x h™Y, Thus the free
radicals are probably originated by the following reaction
CiHe~ 2CH,. - (2)

This is confirmed also by the appearance of methane in ethane
pyvolysis products, especially at a mh degree of transfifmation,
whereas it is not found in ethylene and acetylene decomposition pro-

L_duots. The inhibition of the othans pyrolysis process with the )

-—209 -~
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! increasing degree of its transformation may be due to the elimination;

of radical CHy or aton H from the system (which invariably forms
thers) by one of the intermediate ethane decomposition products, such
as by, CH,, Oﬂa or 0232. As shorn in the table, the concentration
of these substances in'the reacting system reaches considerable pro-
portions. In this case the primary products of ethane bymlyais are
ethylene and hydrogen. A littie later the reaction products are found
to contain methane whose concentration gradually increases in the
course of etha.n.o decomposition. Acetylene .apparontl,y forms from
ethylene at higher temperatures ‘a.nd degrees of ethane pyrolysis. The
question which of these componsments inhibits the ethane pyrolysis -
process can be decided by studying the effect of the addition of these
gases to the initial ethane-argon mixture. This was done in work (2) -

vhere it was shown that the addition of hydrogen accelerates the ethane

| pyrolysis whereas the addition of methane and sthylene slows it down.

Thus either one or both of these substances can inhibit the ethane
decompositin grocess. N
This préblem, of course, requires further investigation. We
will merely point out that any micromechanism pretending to describe
the ethane pyrolysis process should explain that exXperinental fact,
From this point of view it would be interesting to check the Rice-

Hertzfeld mechanism which was further developed and modified in works
(2, 4).
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SUMMARY

The kinetics of ethane pyrolysis was ttudtod in a single-pulse
shock tube over the temperature range 1160 - 1580°K, the reasction :
time being sbout 1 msec. Total first order equation (1) deseribing..
the initial stage of ethane pyrolysis is given. The apparent activatien
energy falls with ethane decomposition. :

Starting from the requirements and using the data obtained in
the present work and reported, the conclusion is made on radical
‘ mschanism of the initial stage of thn ethane pyrolnu descridbed by
4 squation (2).
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THE EFFECT OF AN ELECTRICAL FIELD ON A CONTINUOUS LIQUID JET
by A, A, Semerchan
R. K. Kusin
' V. K. lsaykov
Institute of High-Pressure Physics, Moscow
| Continwous liquid jets are now finding inoveasing application
in the national economy, and the tendency is to incresase their outflow
speed, Under development is a hydraulic excavator doi:lznod to destroy
vock at the speed of the water outflow which :la faster than the speed
of sound in the air. It is known (1) that a high-speed jet grows in-
creasingly wider further -away frou the nostle, assuming the shape of
& cone consisting of a nixture of water and air, and its destructive
capacity is thevely sharply reduced (2). The fight sgainat the atom~
dzation of the jet is therefore assuning decisive importance in
connection with hydrsulic excavators which are used for doatroying.
rocks located at considerable distances from the noszle. It is be-
lieved possible to comﬁress the Jet with the use of an external
electrical field if 1t can be electrified. The Institute of high-
pressure physics of the USSR Academy of Soiences has therefors made a
study of the effect of an electrical field on a continuous iquid jet.
The nozzles used in the tests bad & diemeter of 0.5 to 2 mm. The
speed of the jet was about 2.5 meters/sec. A high voltage rectifier
cepable of developing up to 20 kilovolts was used to crease an elec-
trical field. Up to 7 kilovolts the voltage was detersined ra

Lnlovolt neter, and above that ty the apcik 8sp in the discharger Jd

.
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i installed at the roctiﬁor out.lot. The table on which the tests wers:

nade was covered with an insulating rubber mat so that all the items
on the table were insulated from the ground. The cbservations were
made visually and photographed with an eaq:osuri of 1/1250 sec. The
photographs were taken at & 40° angie to the jet trajectory plane,

the lens being held a.f..a level of the.nozzle tip. It was first
determined whether the jet coming out of the nozsle was electrified.
As the jet went through a ring under a + 6 kilovolt poteatial, indi-
vidual drops of wp.'oer were seen to detgéh themselves, swirl around the
rin of the ring and adhere to it. In another test the water jet was
aimed -straight down between the plates 6f an air condenser which had

.+ 6 kilovolts in one armature and 0 in the other. The jet was fivst

attracted to the + 6 kilovolt plate, and, acquiring a positive charge
upon contact, was repelled from that plate and attracted to the O plate,
After that the phenomenon was repeated from the very beginning., The
oscillation frequency of the jet depends on the distance between tho
plates, the potential of the positively charged plates, the nozule -
diameter and the speed of the water outflow, etc. In our case the

oscillation frequency per second equalled 2. The water Jet coming out

of the nozzle into the air was thus found to be charged, This is
probably due to ohctrokinotic phenomena, but it is difficult to

establish whether this o.hctrizat.ion occurs in the noszle or in the
air. |
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Fig..l.. Artifical eletrization of water jet.

"The a.;xt.hors assuned that one of the reasons for the atomization
of the jet as it travels away from the noszzle was electrization. Actual-
1y, if the water drops receive a similar charge they repel each other
therely widening the jet spread. Experiments in the artificial electri-

_zation of the Jet were therefore made for that ,mrpoio. When a high
tension wirve was comnected directly to the metellic noasle tip (Fig. 1),

the fot took on the sae cherge as the tip. A metal level atteched to
an ebonite handle and comnected to the noszle tip with 'o.‘high tension
wire was then placed in contact with the jet. The .charged was repelled
from such & test rod., The similarity of the jet charge signs was also
confirmed by the determination of the drop charges. Two identical
electroscopes were used. One of them was charged with the use of a
metal ball on an ebonite handle near tho. nozzle ty the repeated trans-
for of the same amowunt of charges. The second elsctroscope was cbarged
ty the water drops coming out of the nozzle and hitting the elsctro-
scope ball. Ohn.rgod'to the same potential ty different methods, the

two balls were conmcted; the electroscope needles vemained in place g

Lwhich confivms the similarity of their charges.

a4




Fig. 2. a- Jet flowing out of two-opening
nozzle; b- same jet with nozzle
under high »ressure.

A mnozizle was buiit rito two Jorsiiel ogenin.s witn G.8 mm ciz-
melers, spaced at 2 mo frow ezca staer. “hen 3 uigu voltage was passed
to tae nozule, these jets repelicd eazci otier (¥iz. 2). It ic aiso
obviouc that taoe atomiz=tion of =n artifiicielly caargea jet iuto droys

is wore inctensive than taat of an uncaarged jet. oSpecizi tests showed
(Fiz. 3) taat the atomization of z jet iucrezses wita tae imcressi.ag
zosiication of ~ caarge. 4t =z cictance of 350-4LU mu froa tne aoiile

tue jet begine to atomize, and hits tae target in the form of ceparate
iarge drops. The dispersal of the drops is proportional to the applied
cioarge. At a distauce of 17C-200 mm from the noziie, small jets consict-
ing of tiuy water arous begin to braacn off the main jet. The disgersion

1e am:ll jete idecs with the increasing charge, reschinyg a
- ’ ° —
mestioum vaiue up to 60°.
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Fig. 3. 1Increasing jet atomization with
increasing pressure

! Fig. 4. a-a vertical upward jet; l
b-compression of jet with an analogously
charged cylinder;
c-jet cannot "break through" charged
cylinder.

The electrified jet was coutracted and .assed tarougn a reticular
metal cylinder (for tic comveaieace of obgervation) rhich wes comuectea
to tne noszle Uy = nizun voltage ~ire (Fig. 4, 2, b). LAt sone eriticzl

*.oint the inetic cnergy of tie cnarged jet i: not aigh eaougn to
overcoue tie eleciricul field of tac cylinder (Fig. 4, c¢). All the

| WO
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:. ;-bove listed tests wevre made with ‘;rdinary tap water. Attempts %o
spindle oil jets (good dielectrics) did nmot

produce any positive results: the pohnud.. did not produce any effect

electrifiy kerossne and

on the shape of the Jet.
It was thus established that an electrified water jet breaks wp

in proportion to the jet potential, This break-up can to a large extent
be controlled and reduced to a minimum with the use of charged focusing
cylinders. AtA any raﬁ, it may be stated that if the electrizaticn of
a jet 13‘ one of the reasons for its break-up, this factor cen be reduced
to aminimum by pasahgg the jet through similarly charged cylinders, rings
or bellows.

. The above tests juatity the hope that an increase in the conpa.ot-
ness of the hydraulic excavator jets with the use of an electrifial field

may be quite effective.
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: THERMAL MASS EXCHANGE IN ANISOTROPIC i

by N. 1. Gemayunov
Kalinin Peat Institute, Moscow

Tollowing (1, 2), the thermal mass exchenge in enisotropie

oapillary-porous colloid bodies cen be described by a mto:& qﬁntimi.

at ..‘}_‘:c, +20,3-,, (1)
_a_o__ic. M, . pr 2
dc = ‘3;2"'1“"2'43‘"7' @
where X, :represents the Cartesian coordinates (11,2, 2; %0 uﬁ.

i
Tespaotively, the temperature end potential of the mass exchange;

C oy 4 LHONL, D W Onilm = Yln, gy,
¢ ¢ Cu

| It is assumed here that the coefficients of heat and temperature
condustion, moisture end potential oonduction and the themo-gradient
coetficlents 8; differ in the direction of the coordinate axes. The
other coeffioients do not depend on the coordinates as they are the
nass (volmotrid) oharacteristic of the body. .'

We will £ind a solution of system (1), (2) for en anisotropie
body representing a parallelepiped with the following dinansions
2&2 3 2(2 x 223 under boundary conditions:

o, 20 200 OV Fili 5 50, 0600 50 50 O (g
=fy (%1, %2, %) |

1, D=, 60, D =H () L
d symetry conditicns (1% is assumed here that the ooordinam Jd

Lan
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™ e - : .-v‘
‘originate in the center of the parallelipiped, and the solution takes;
into account only 1/8 of its volume)

#0,% o 940.%_,
o 0, ox, % (5)

After the successive application to equations (1), (2) and

conditions (3)=(5) of the Lapdace integral transformation by time and
the Laplace finite transformation (3) or the Fourier cosine-transfor-

nation (4) by three coordinates and their combined soultion, we get:

T = (M1 N1 1)/, O = (Ny 15— Mym)/H, (6)

Tui=F 40+ Y, s=1,2; HwMN,—MN,;
My =D+ Dt + Dy 4; Ny = Bust -+ B + Bt
Mc-CIP?+C|P§+CaP§: Ny = Ap} + Ap? + Al +-q.

T(, 4, 5, 0) = [exp (=49 tl, 5, 1, 9ds;
0

' e(xl' X2, X3, q)-fexp(_qt)o(xh Xg, X3, ‘)d‘:
0 .
I iy

T@ Pro by, @)= [T (0, 5, 55, q) cos puxcos pye cos ppedrdagds,
000 .

6, 7, By g4y ol80 transforns by three coordinates of fumstions 9,

rl’ tz; L




o : y 4 3 | ] T
o,+¥, = SUBAKIARL ¥ AT B
-l

| . s
e ¥ye slnexlxs;!;%§ln&.2pg(c‘;,+ D
: =

)= f exp(— g9 o ()de; % (o) = {exp(-qe)(t)d.
° Lo =

According to conditicas (4), (5), the characteristic oqutim

are recorded as follows:

08 () = co8py =0, py = (Z—1)e2 (=1, 2, 3, .);
“(M)-c“l"n-ov P = (2m —1)%/2 (mw=l, 2, 3, " -3
008 () = C0s py =0, b= (1 —1)%2 (3 =1, 2, 3, ..).

We stall use the inversion formula to change to the originals
by the coordinates, equate the denominator of equaticns (6) with sero,

£ind the roots qq and, \uing the expansion thedrem, we im get the
final expression: (¢ ) t(x,, Xy, X3, %) =

“M-w 2 22 2("1)“" (M} + vu) N, (uu + vu)l.

hal mul Aml ful (7
0(.\';. xl' X3 ') -

"":"22).2‘ ‘V"‘W;/(“wvu)-M' (“u+°u)l. (®

" et med el jorl
where
M --%}-»H%vﬁ%‘ﬂﬁ*m /=1, 2
(Fe.+—)—lj- "'+(¢.+ ‘ )—rl"-i'
i

[t




+(F%+—l—)-%pﬁ—vl;
)
V=t (it e R )

A= ‘;:‘ L= 'I;A-—a‘-;

a,-]/a’ +a2’+ag,,;z-pf't%+tz+l§:6-1/6¥+8§+3?:.

n 1 AlKl z AlKl ] AlKl P] . ;+|[( AlKl g
A!Ks g AaKl Al P'zk 2 !"m Aa l"n
+—7 L2 + L l‘a) -4 [ 1 LiLu, L‘Lu,+
AAs pibim 1 ] Adamps (1 3
t LiL; ( Lu, + Lu, )+ [} ( Ly, t+ Lu, )+

AA; bitn 1 1 s .
o (,.u,m.)]]}-

K,-—1+Fe,+l/Lu,. i=l,2 3 Fe,-— Ly= a:, :
I
! | 5 E. g
Sst(xnxhxa)cosl‘tT COS b =~ ‘ l
000 1 m

Xd L4t & d— . COSfy =L COSpp = COSH, —exp(—-v,Fo,,.).
l‘ lg l; ll l’ l'

. Fo_, (v) .
ciprerens B AT 1L pe 4 P
Uy - Y [(Lu, +Fe,)v.l(o)+ : w»)]+

Pabmba Ll
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A (1, Feo , vl A¥f(t
+—L-g— (—L;:TF%)%(QH'T%(’) +L—§l(l.—u.+l_=e')",“)+

F ' '
X % | I
cos i, ) COS Py L CoS i, L

Fou (<) -“%E'; 0,.(’)-0—‘;"-‘»’- .

- It is not difficult to extend the method of solution cited in
the article to bodies of various configuration by using the Laplace,
Fourier or Henkel finite transformations.

STMMARY

A heat and mass transfer equation of an anisotropic capillary-
porous colloidal body is solved in the paper. The body is a parallelo-
pipsdon 21, X 212 X 21, in sise under boundary conditions (3) and (W)

and symmetry conditions (5).
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by G. 8. Fus

- SIMILARITY AND MODELING CONDITIONS OF ARCLESS ELECTROSMELTING PROCESSES

State Scientific Research Institute of Nonferrous Mstals, Moscow

TUnder general stationary oomditions deals with in the formulas
(8)=(29)* we shall assume that & 371, as in the case of low values 8
the orfocti produced by the polarisation of a dislectrioc may be
ignored. In this connection, we shall oousider € - 1=&, Otherwise
a similarity analysis will lead to an additional equation condition
in the sample and model of dielectric pemetrebility which, as will be

_ seen later, does not bave to be fulfilled in the case of high values §,

An equation of motion is velid for any moment of time, and
sbat means also for = 0,3L , AT .., whan 1t will possible to
inolude in it exp(f ©7) = 1 for a similarity enalysis.

Replacing the dimensional magnitudes s, &, a, & in the equations
by the dimensionless A =;:-. A =£j , A =§; ’ A =Zé:' (where . is
the magnitude scale) and, exoluding the scales, we will get dinulign-
less equations and the following binding equations between the scales:

1) from the oquationa of the electromagnetic field (8)

L L
‘o‘o Ifes  Co Wik
2) from the equations of motion (9) =~
o _ B% o P ) °o"’

e Y
3) from the qmtio?l of hut tmlrcr in the mmelting (11)
‘ i 1 Y ¢¢’)- ,
4) frm the oquatioﬁ of heat oonduo;!on (13)
ko °9'¢3 = e+
=¥ The numeration of the formulas in this article is in accordanoce
with (1) of which this work is a continuation.
- 223 -
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i 5) from the boundary conditions (21), (23) | ;

% g = s,
The others do not produce any binding equations®. We have 13

equation binding 19 uninown scales. Selecting the following .6 scales
a8 independents ,% '&; 6,20, bty €=%, hack; XLy
and determining all the others from the binding equations by dividing
the physical magnitudes into the socales, we will obtain the values of
the mmsim.ss magnitudes. -
If the wimown quantities are dimensiondess characteristic
equations, the solution of the entire system of dimensionless ‘oqu,ationl
may be recorded in general terms as follows: ~
K" e K"(N) m K¥(X. i'. Z. Lty Ligs ooy Ly Fo, Repa s Expa
BY', Bi", ,, 8. Ey. Vy. Kos. Qpe Grl, Zev Koo Kiny
Ky, Ky, Ko\ K, Ko Ryy. Rass Rusy Pryy Aapy Augs |
| Ass. Co. Gy Coss o)
K=K, K, =K', ; Po= Poy(Ml),
8,,,= 6;,5(M: K” = K”(M); Eu=Eu(M), (42)
where the fwnotion £(TT) is mtmduo.oq to simplify the recording. It
can be wderstood as a function of a point in some region of multi-
dinensicnal spece{T) ; +the number of space dimensions is equal to the

number of dimensionless magnitudes included in the sign of the funotionm,

and the region is determined by the possible values of these magnitudes.

The monodromic oriteria here are:

¥t 1s assumed that all the equations expressing bowndary
L?onditionl are invariant in relation to scale transformations. _1 '

—d2l

Al et
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Lo ..™
t.o‘o £l " (°O)'h S
L 2] : L=,
'9.0.0 13 ] ™ cl ‘ ¢ [
= qp‘:" : Res, fe1. 009 ,
Q.. T .g‘l-c,"'-. s, 03, 3™ -___p.
kg o1, at: sala ¥
o\‘o &1, 92, 83 = : ;‘p.‘;l,:c.cll :

Conr. 08,93 ™

The polydroute criteria: .
. Fow—2—! Re,,.-!!ﬁ!_'l.; Bl = .

pe 864 li Be he
a"l » r 4 '2 l?
" - : Koy = ——: Gr = H
" s O = ot '-__l‘o‘—
A 16 0
( ’.v.o“mr‘) 1,0
K|u.u"'—l—'!——1 K. —""'"3
. - d %

K om0, K omi8. 7o
ol Opp * " ol 0
K‘V-_'i’.‘_- K"-E’.‘.‘:,' ;

‘The K' and K" criteria are variant criteria of the electremag-
netic field and  with alternating sinhusoidal current and . ],

and K7 and XY are Eu Po variants for pondermotive forces and joule ﬁtlt;
K' ' * is a similarity criterion of an electromagnetic fisld in moving .

| nedia. : ‘
- The K' criterion characterises the ratio of the current oollu-l ,

tance density to the rotation of the magnetic intensity ia a
: - 225 - ‘
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,ltationary medium; o
K* ocharacterizes 1) the ration between the displacement current

density snd the conductance ourrent in a stationary nedium; b). the

ration between tho transfer ourrcnt density of a moving pohrind nedivm

and the conductance curront gonoratod by the movemént of tho nuuu
in a magnetioc field; o) the density ratio between the pondom‘lotin
forces in a stationary dielectric and the pqn_aciio-otlvo forees in 8
stationary oonductor;- | .

K111 charesterized the density Tetio betwewm & condustance
ocurrent generated by the movement of a condustor in a magnetioc tioJ:d
and the conductance current in a otat:lénary medium;

(K'”)2 oharacterizes the density ratio between'the ponderomotive
forces ¢unontod‘by the movement of a dielectric 1n'|n electrical field,
end the ponderomotive forces in a stationary dielectrio, -

All the values in the oriteria of the left part of equations (42)
apply to the same flowing point. All the oriteria in the right pat of
the equations, except X, Y, Z, Bi', Bi", i"‘. 'h' 'lh. Vh. have a
striotly local meaning (it is recalled that the dimensionless ohareo-
teristioc equaticns are considered as fixed).

The resulting oriterial relations fulfill the requirements of
tho % -theoren. Indeed, the number of phylioal values is N 3 50+ 1'
the number of valuss with indepmdent dmonum 'z 6, and the number.
of oriteria N - b IVE 23

L. It 1s cbvious that the sizplifioations we dntrodused 1n the b
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F@eseripticn of a staticnary case ife correet.on condition ﬁnt -
'€l md K gL, |

To produce a similarity of eleotrical, temperature, velooity
and pressure fields, the oriteria tn t' x“'" and M in m'wnm
wintl of the nodol and sample should be tho l-o. This would omm
ocmttthorouom;woro oqmuthonoddudl-ph .

I-lol-llo ssey L‘ FO. Re':p‘o ero KO.. Q’.o Gf; ’ z‘ K; ’
Kai+ Koz Koo K5 Ko Koys Rar R‘S' Reas Pry.,
A‘l' An' A..O c.! c‘l' c.l' c”' |

42 34", 3% and R, were oqual 1o the simtler points cu the bomdary
surfaces at the similar moments of time, mnd Oy, By, ¥, in the sinilar
points of the volim; also if the dimensionless charecteristic equations
were correspondingly identical for the sample and model. This is the
rule for modeling the process under investigation. |

In & stationary case, the equations {30)-(4l) with expli®¥) = 1
will produce the following biading equaticus: ‘

LN L R -"° _’._
oh ¢ ' | L Tg

-i;_t’.-k‘q.gggg c."l : qm_-".!'_; ‘
] N ' ly
| Qo =Iylely: Uym

Wo will select 7 scales mh uaopqam umacw |

90-’!0 §o™8s; Gymmay; h={s; c,-c.. k.-k cQ-‘"

By analogy with the previcus case, we will get:

L . . | 4




K KM = KX, Y 20 L L e K

Ke, U, @, Q. Q,, G, Pr,);
K" = K'(I1'); Rewm Re(IV');. EumEu (), (43)

where

g( LS ) ; z&( Seddde ) :

. '
7 < 2 [ 3eCols )*: . o drn .18 [ 9aCals ) '
c: ( k | ! L’| 'l‘ "'.‘ c: k M

YA ‘
U=t g Mhy( et

Qrp %s . s .
= Pe Jeg & ."tc*l’

Re---——‘”’l
N

The other oriteria are the same as in a nehltattonw case. it

tollcwc from (43) that

Nu-—)—-Nu(l'l)

Here the requirements of the M-theorem are also fulfilled: N =22+4;

bs 7 Nebszl5+i,

Tne gm of the modeling rule is that in the model and lnplo
Li' .LH...L".'K ’ Uo Q, Or' , Pry must ‘!_. oorrespondingly OQ\lll. and
’q o 4 equally distributed on the smelting bowidaries; the dimen-

L:ionlou charaoteristic funoticns must be mpmtvdy 1dentioal, .J

-




T% 15 iuplied here that the order of releticns betwesm the Telative |
conduotances in the various parts of the furnace and its model is the
sane, snd the size of the electrodes and the looation of the voltmeter g
test circuit are inoluded in the number of gecmetric paremeters.

1t 18 not difficult %0 see that when the mompotentiel aspect of
a fiald can be ignored /ses expressions (34) md (35)/, the oriterim
K3 is exeluded fron the oriterial depsmdmoes (43), wd tbe K

oriterica will look 1ike ,
' KIV = ol x

v

In the commercial ore-mmelting eleotric furnaces of the noo-.
ferTous mtdlﬁrcy K41 and X'' &1, They can therefore be modeled
according to the abo,v'o-outlmod rale.

12 the linesr soales of & model and sample are different, the
use of the same smelting in them will result in the nonfulfillment.
of the Or;' = idem requirement. This brings up the problem of selesting
nodeling matertals, | |

“o far it has been impossible to select the suitable utortdl
for modeling nonstationary operating conditions of furnaces in the
ncnferrous metallurgical Mdmtry.' |

The rule for modeling & it‘ationu'y case, as showm by caloula-
tions and the experience in modeling commercisl furnaces, can be easily |
followed by oonrins.tho smelting in the modeled fumeoce with a solid
oharge, and by using acidified glycerin (slag) and aaphthalene (s0ldd
itbarge) a8 modeling materials, _ | __j




Approximate modeling methods are now being devoiopcd with a c
view to reducing the sise of the models and widening the assortment '

of modeling materials.
SUMMARY

Similarity conditions are analysed and rules for simulation of
the processes occuring in the electrical melting furnace under station-
ary conditions are formulated. This analysis allows to obtain eriterial
equations (42 and 43) in a general form,
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' THERSIAL STRESSES AND HRAT RELEASE IN
RECTANGULAR CROSS-SECTION UNITS

by A. 8, Trofimov

Certain parts of nuclear reactors are shaped like fairly lomg
prisns (e > 3a, if a<b) with a rectangular cross section (2a x 2v)
(*g. 1), or have a very similar shape (the reflsctor and hoclmtér
wits, eto.). Knowing the heat release q'and the t-pmtﬁo £ield
™x, y), it 1s quite simple to determine the magnitude of the thermal
stresses in such wits.

Disregarding the exial temperature gradients, we will have
a condition or plane deformation & = oonst. Introdusing the standard
syabols (1), we will get a formula for the axial stress.., assuming the

lack of external loads on t‘l'm bprim
=.==£[7“,7jjmdy—r<x.y>]+v<a,+o.). W
e

and for the tension funoction definable as
#ad

3, o — 0w ——— Ty, .
o T (2)
(Al
we will get the following equation -axdy '
' E
Vo + ‘—“‘:-v”T =0, (3)
_ where r 2 » » B
= 2 ———— - e e ——
V=t Top Vet o
with the following boundary conditions on the oross-section oomtour
% o0 '
. b —=V
L ! , on , | 4
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‘In a steady-state process we have:

vir.-f=.
wh.toh with qv = const produces the following problem for the dimension-
less stress function u -Gpl‘—i',,-
abt%, ,
—CLKEKC
o= | ' (4)
at a
. R a u
X-:*:C-"—'i";' u=-07=0' (l..a)
u
= - l U — 3= 0
V== 3y (4e0)

(Hereinafter x and y will be used as dimensionless coordinates)

it

Fig. 1. Diaéram of rectangular
ocross-section unit

We £ind solution (4) by using the veriational method (2) ‘and
the n-th epproximation for u(x, y) in the form of

U, = (=) (4 — 1) @ + apx + g + ... (5)

The system of equations for the unimown coefficients 8 in our oau

looks like the rollowing

L
22 _

de\”v‘z a,cp,,—l]q.dy-o s=1,2,...,8, (6)

J




L;.“ == (1) @=@,% Q=@ FurT A ate. |
We shall limit ourselves to three terms of the series, then

o B g e 80, [3(5 — D+ (8 — P 4 4B - B = D +
h=m|

18y (3¢ (¢ — P+ 3 (5 — 1156 =25 +
+2(3 — 1) (168 — 1266 + )] + 84 3¢ (1 — 1 +
30 — AP (1542 —2) + 230 =) (159 =124 + D).

Substituting quadratures in (6), we get the following system

a,(%ic‘+ 256 o 674) +a.c'(%c‘+%)+

49
2
64 192 256 192‘
—h c
(n + )+'°'(ua * =)+

64 1
L IPFRR . A R
+aa(77 +77) 9
64 64 ., 64
o A B
( o )+°' (77 +77)+

192, 26 ot 192
7 o 143

-&-a.( -

The solution of this system for thc different cross-section relations
is given in Table 1.

Values of coctuclcnto a Table 1.

L4 4y ] )

0,1 0,034896 0,0072160 0,2153200

02 0,036570 0.0076043 . 0,1884900

0.3 0,038024 0,0083781 0, 1448520

0.4 0,040420 0, 0,0086810

05 0.039910 0,0002208 0,

0.6 0.037419 0,0000146 0,0385540

0.7 0,033574 0,008453! 0,0237190

0.8 0.020069 0,0076667 0,0147070
L 0.9 0,024481 0,0067707 0,0002206 __J
: 1.0 0,020203 0,0058575 0,0088575
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Consequently, we get the foliowing formulas for stresses (2)_; !
3,k sy=mkfy ™ Ry ' (8)

where - - oE qb* |
N PR i

fo=2 (28— (3 — 1) [2(ay + ) + G (38 — 1)) + 6a? (4 — 1));
f, = 2(s* — 1 ((32* — &) [2(a, + ) +8,(38 — )] + Bap* (#* — A);
oy = — 81y (28— &) (58 — 1) 28, + 0, (38— &) + 04 (3 = Nl
The maximum nomal stresses oocour ca the prisa surface snd

are defined by the following formulas:

Srmar ™ O (Xm0, =+ 1)"":"' with ‘u-oo
(9)
Iymax = Oy (K £, !I'O)-kﬂ". with % =0.

' MAK '
Here the values r:#and 4 v depend only on o, and can be tabulated

(Table 2).
Table 2.
MAL MAX )
The rx .and ty values in relation to ¢
} 3
¢ fo* = 8¢t (ay + 09) [} =8 (@ + ctay)
0,1 0,00020018 0,0027973
0,2 0,00288100 0,0117500
0,3 0,01190900 0,0285700
. 0,4 0,02847500 0,0335800
0,5 0,08119800 (, 1844300
. 0,6 0,07#76800 0,171V
0,7 0, 11004800 .. 0,1478500 .
0.8 0, 14344000 0, 1739600
0,9 0, 17688000 0, 1941700
1,0 0, 20848000 0, 3084800

1 solution (5) were to involve only one temm of the series,

as is the case with formulas (3), the - would be placed too low

Uabout" 236 for a square oross section); but the addition of the |
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following temms of the series (funsticas %; T oto.) in our solutida |’
amowts to approximately 5%, and this may probably be disregarded in
view of $he acourate difinition of the ocmstants ete.

~The tangential stresses on the surface are reduced to ser9,
their maximun being fowd in the Tegion where the norsal stresses are

low, end the absolute magnitude of fux is oonsiderably smsller than

7,
(for 0 » 1 7%= 0,234); the tangetial stresses will therefore

7 nax
pot be limiting faotors in the operation of the unit.
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OONCERNING THE CRITICAL DIAMETER OF . =
SPHERICAL THERMAL INSULATION

by B. A, Sldevev
As is know (1), the oritical diemeter of the thermal insulation

of oylindical and spherical bodies is usually referred to as the value
of the insuletion diameter corresponding to the minimm thermal resis- et
tence. The data on a oritical diamter of the thermal fnsulation of @

sphere, uvailable in literature (2), apply cnly to a hypothetical case.

t

of a convective heat-exchange coefficient independent of the dimmeter
of a aphers, The solution shown below reveals the precise iuhbtltty i
of the heat~exchange coefficient.

We will record the general expression of the themmal mmui«
of spheriocal bodies

1 [ 1y, 1 |
~orglxi-El W

We will assume the relation e, = 4, (D) and, consequently, relation

G, %4, (X)to be kmowm. Thus a oconveotive heat exchange with the surrowding
medium provides experimental data (3) on the nature of the relaticasMp - S
Detwesn the Nusselt number and the Reynolds number. These data oan be |

PA——

expresaed in the formm of the following exponential relation

R

Nu = AReP, ' (2)
with R€10 n =0, A = 2. As Re inoreases, the value n changes from

L e e

as O(Ro—ro) tonsl ('Ro-m). On the basis of (2) we bave
4=y s, | T
{_wbere 8 is the value a definable by forwula (2), with l.. -
. m . '




Y

]_ " Substituting (3) in (1) and comparing the derivative ;; e l .

find the critical value o (n 4 1)) W
S" z
o™ [ o d ] «»)

or the value of the critical dtﬁuor
D,=20+D} g
€

The independence of a, of the sphere diameter OORMI to ne 1, ad
can actually occur only during a convective heat exchange with R —» @

In this case, in accordance with (2), we have:
£ )

.D.--:.-.

But in all the other real cases, vhen 1< 'n go. the value of the
eritical dismeter will be
2 times less.
n+

L {s°'the thermal resistance of a spherical body fo the insulation
layer; x - D/4 the ratio of the variable external insulation dismster
D to the constant value d of the internal insulation diameter: a_(X)
the cosfficient of the heat exchange on the external insulation *
surface. ' ,

SUMMARY
Equation (5) is obtained which relates the optimum thickness of

spherical thermal insulation and the convective heat transfer mechanism,
described by formula (2).
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FIRST INTERNATIONAL OONGRESS OF CHEMIGAL '
RIGINZIRING (CHISA) IN BENO I
by AS, Glnsburg -
The first International Congress of ;chemical ingineering, mach~
ine~building and automation (OHISA) was held from the second through
the eighth of Septeaber 1962 in Brno (Osechoslovakia). Participsting .
in the congress wers over 750 delegates representing 19 countries .
(Czechoslovakia, USSR, GOR, Poland, Bungary, Bumanis, Bulgaris, Tugo-
slovis, England, Belgim, Holland, the U.8/, France, West Germazy,
Japan, etc.). -
~ The following three sections were simulbaneously at works 1)
chunico.l engineering (chairman professor Zh. Standart, Prague); 2)
chemical zachine-building (chairman enginser L. Sohreiber, Brue);
3) automation (chairman engineer I. Somurca, Prague). - |
 The couvening of te Jongress was a significent event in the
development of world science and technology not only because chemistry
and chemical technology arve a poverful force of modern technical pro- | o
gross,' but also because of the concrete subjects of the reports which
covered a variety of‘ processes and apparatuses of various industries.
For sxample, the sessions of the engineering section dealt with hydro- R
dynanics, heat transfer and drying, absorption and extracticn, dis- -
tillation, eto.; the ‘section. on machine-building oulimd veports on
Lm characteristics o saterials us d in cheaioal aachine-building N -
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ll.(lemsteni.uc rustproof steel cont.ain‘i.ng Cr-dn-l, alloys with a niokel -Ai 4
and titanium base, etc.), tixe rotection of materisls against corrosion
(the chemical stability of acid-proof enamel, zino-nickel electrolytic
cover, the stability of polyvinyl chloride, etc.), the design and cal-
cuiation of apparatuses and their elements (nigh-pressure pumps and
compressors, heat exchangers, mixers, cylindrical vessels), as well
as regorts on the durability of the chemical industry apparatuses; the
section on automation dealt -~ with - complex automation and the con-

~ struction of automatic production control sysﬁems, the use of electronic
computers for regulating processes a.ﬁd apparatuses, as well as certain
problems of general interest such as the cascade regulation of the
temperature in a blast furnace, the selection of the best heat exchanger
design, the analytical determination of tae properties of fractionat-
ing columns, the control of the blast process with the heat stream
pick-up, thermistors in laboratory measuring facilities, apparatuses
for gas chromatography, etc. ' _

A review veport on "The Investigation in the Field of Chemical
Engineering in the USSR" was read by Academician N. M. Zhavoronkov at
the opening of the Congress. ‘

We shall dwell in greater detail on the performance of the
engineering section where much attention was Awotf;d to pseudoliqui-

R ek

faction, particularly the drying of granular paterials in a boiling

layer. The first session of that section was devoted to a discussion

Iof.'-. hydrodynamics. & _roport on mechanical 'liqm.d nixing was made by -l

3
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{professor G. : Steidl (Department oF Processes and Apparatuses of the |

Prague Jhomical-t.uchnologica.l Ipstitute). That report outlined the

investigation wesults of such phenomens as the hemogenation of inter-

mixable liquids, the exhaustion of a granular solid phase and its dis-

solution. Ye should also point oub such themes as the analytical od .
_ experimental investigation into the wovemsnt of non-Newtonian 1iquid (u. B

Ulbrecht, Scientific-Research Institute of synthetic rubber, Gotwaldow, |

Uzechoalovakia); the determination of gas consumption by measuring the |

temparature drop in the adiuba'tic expansion in a venturi tube (T. Nob=

ler and A, Burkhart, Laboratory of processes and apparatuses of the
Polish Acajeny of Sciences, and Department of processes and apparatuses
of the Polytechnical Institute at Glivice); the study of the mech-
anisn of continuous evaporation of solutions and the investigation of
"lower density" areas in a pseudoliquified solid body-liquid system
(H. Hassett, A. Lodson and N. Stokley, Departament of prbcoaul and
apparatuses of the Technological Institute at Laffborough, Inghnd).
The latter report was illustrated by a special fila demoustrating tho
formation of canals (or, as the suthors called thes "bands and psewdo-
bubbles”) in a boiling layer. |
The second sessimn was devoted primarily to the hydrodynsmios

of a boiling layer. This problem, now being widely tackléed in Ozecho-
glovakia, was dealt with in the reports Wy J. Beranek and D. Sokol 1
(Scientific-Reseavch Institute of Opganic Synthesis in Pajdubitse).

L Bevanek dwelt on the wneven distribution of solid ﬁrttclu Jd

-— 2] -
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" 7in a boiling layer. The author Jistinguishes tiree types of a boild
ing layer: uniform, bubbly and reciprocating. Considerable differences
' in the specific gravity of the particles and 1iquid tend to distupt
the uniformity of a pseudoliquified layer and result in the formation
of bubbles. If the sizes of the . individual bubbles are large enough
to be commensurable with the diameter of the tubes, they produco a
| "piston effect" in the latter — the bubbles divide the particle |
Jﬁ.“pistons". The fluidity of such a pseudoliquified layer is character-
| 1zed by two smplexes, d, /dp andd nlde, » where dn is the diameter
of the bubbles; d, tho dismeter ot the solid particles and d,n the
 diameter of the apparatus. A vertical channel in which the static
pressure is less than the hydrostatic pressure may be foraed in the
layer; as the static pressure along the edges of the channel is greater
than within it, the liquid is sucked into the chamnel. The size o
the bublles depends on the physical properties of the particles and
their interfriction. An acourate physical picture of the state of &
boiling layer will make it possible to proceed to the kinetic cal- \
culation of the apparatus.
D. Sokol discussed the abrasion of particles in a boiling
layer which is frequently of decisive importance in the practical
utilization of pseudoliquifaction processes. Tho abrasion is de-
termined by the hydrodynamics of the layer, ﬁhe design of the appar-
atus and the physical properties (stability) of the particles. The
L_aubi:or invosﬁgated the effect of the gas velocity, the height and 4
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Fitaneter of the apperatus oa the airesion of the particles, e found ]

that abrasion occurs primarily when the utorm aoveaent takes phoo ,

in a horizntal plane.
The veports of U, mt.mm, K. Bose and G. Fiveg (mw.m

of Designing Chenical Equ.tpmnt in Leipeig, GDR) outlined the investi~

gation results of t.hn_fwdrodynmco of a pseudoliquified layer ins

multistep apparatus with overflow pipes. In these continuously oper- .

ating apparatuses, usually of a counterflow type, the layer of &

definite thickness should be maintained at each step, and the duration

of the various particles should be characterized Ly some average nl\n. -

The authors presented equations and charts charscterizing the

rolationsilp betesa the trensportation process of the solid particles s

(up or down) and the geometric and dynamic characteristics of the

apparatus. | |
Tuvestigatiog the aixing of soldd particles in &  borisontal

boiling layer, L. Hus:l.l (Seientific-Research Institute of Ipovganio

“hemistry at Usti-on-Labe, Jzechoslovakia) checked the possibility of .

using a simple diffusion model. In view of the difficulty of solving

the problen of the lengthy presence of the particles in the layer on . - '

the basis of physical laws alone, the mt.hor used the statistical
nethod of investigating chance phonounl ﬁo characterises the intor-
mixing of particles as a go-called diffusion coefficlent which resains
coustant throughout the process. |

l_ Professor P, G. Romankov and docent N B, llo:hbnwa (the ..l

W




|Leningrad Leasoviet Technological Bnum.) subaitted a report on .|
f"l‘h. drying of paste-like materials in a bgl.ung layer". This eoqu- !
hensive peport outi.i.ms a new method of d'qm paste-like uhuda#
and describes new designs of drying apparatuses and feeders. The
effect of the design of irrigation facilities and the water tempera~

ture on the irrigation density is discussed in the works of T, Hobler,

1. Synoviets, V. Granovskiy and Lu-Hsin Su (Laboratory of processes '
and apx;aratuaea of the Polish Acadensy of Sciences at Glivioce). It
_contains information on the water consumption and a caloulation of
the irrigation density for horizontal and vertical pipes.

The third session was devoted primarily to the processes cf
drying materials in a boiling layer.

The major repoﬁ on this thno' was made ty professor Ya.
Teiborovskly (Tarsaw polytechnical institute). It is prestical to use
apparatuses with a pseudoliquified layer for drying paste-like and
solid materials. An investigation of the heat oxohufo between gas
and the layer showed that the temperature of vhe #s0lid phase is |
practically the same at all points, and a layer of 150 mm high and move

is characterized by a thermal equilibrium between the gas and the

layer. Acocording to the author, the drying in a pseudoliquified

layer is an adiabatic process. Referring to some design problems,

he suggests that the gas be fed (tangentially) as in s dust extractor
(ayclone) in order to prevent the formation of chamnels. %o dry suoh
luwdcu » it would be practical to use impulse mmmﬂtumo -l




[The sﬁoa.kor veported that grain dry‘ou with a boiling layer and & cnp: l :
acity of 6 tons per hour are suscessfully at mk in Polish agricultum;

they are used for drying rye, buckwheat, oil plant seeds, etc. He sug~

gests that the automatic control of the drying process in a boiling -

layer be based on the layer and gas temperatuve and the intensification

of thefo;ding mechanisn (ty the use of a booster).
_ Dryers in a boiling layer ave characterized hy a high technical
and economic indices: moisture removal 100-300 kg/w-br (instead of .
15 kg/ns-hr in other types of dryers), specific heat consumption
2,940-5,460 joule/kg of moisture; when a low residual moisture is
desired, the heat consumption can be rd.nd.tv increasing tho desorp~
tion heat. The hydraulic resistance of the installation ranges from -
about 2,940, when the drying chambers are connected in parallel, to
9,800 n x n™2, when comnected in series. .

In his detailed work, I.Valharsha (State Scientific Research.
Institute of ‘hermal Machinery in rague) obtained a system of differ-
ential equations describing the process of drying Mmld ut}?-
erial in a jet dryer, and generalizes the same process for . - poly-

dispersed materials. The polydispersed system is replaced ty a certain

number of monodispersed fractions whioh are characterized ty various
‘periods of their presence in the apparatus. The results of the theo=
retical investigations were checked on an experimental installation,

v, Vmcok:(ﬁcieﬁtiﬂc-ﬂosmch Institute of Inorganic “hemistry

Lt.,tlsti-on-hbo) investigated the dehydration of crystalhydrates in a ..l
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{1aboratory dryer in a boinng layef” as well as in a seaiproduction ‘
. continuous-operation installation. The characteristics of the dried
paterials are presented , and the basic techaical and econcmic indices
' citod.”
A, S, Ginzburg and V. A, Reschikov (Moscow Technological In-
stute of the food industry, and the All-Union Scientific-Research
Institute of grain) invesigated the aémﬁnamics of the heat-and mass
exchange in an apparatus with a boiling layer of grain,
The aerodynamic investigations revealed the existence of two
stages in 'f;he pseudoliquified state of the grain layer: an initial
atage and a stage of turbulent boiling. In apparatuses without mech-
| anical mixers the drying process should ‘be carried out at the beginnirg
of the second stage of pseudoliquifaction. The invostigationa of grain
drying in a boiling layer indicate that it would be practical to use
that:method for a preliminary drying of wet grain. The drying of
thermolabile and moisture-inert grain materials in a boiling layer

~ calls for the use of alternating heating and cooling. processes.

The caloulation of a drying installation with a boiling layer
should take into account the duration of the material-heating process
Yo a preset permissible maximum temperature. Such a formula was obtasned
by the authors ty integrating the differential equation of a thermal
belance. An empirical equation was obtained and a calculation nomogram
compiled in order to determine the drying speed. The equation pro-
_f_i-dos a good description of the experimental results obtained by the __l

/
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|1ixvost.tgat.'ou of various countries ussR, _Ouchonlannc, Poland, On'l'ql,

Yest Germayy).

Zlolkovskly (Institute of Physical Chesistry of the Polish
Acedeny of Sciences) dwelt on the “"seeming® (equivalent) heat conduction '_
of 2 layér of granular materials in which the space between the indi-
vidual grains is filled with gas that is either immobile or moving
normally in the direction of the heat stream. He investigated the
relationship between the heat conduction of the lsyer and that of the .
solid phase, the nature of the grain arrangement, the mean temperature |
of the layer and the speed of the gas flow; in particular, he uumuhﬁ' e
the exponential Telaticmsiip betwsen the cosfficient of the heat oom= -
duction of the layer and its temperature.

The report of J. Jaris and K. Porter (Birmingbaa Univoroiw,
England) dealt with condenser designing. The suthors developed a uthod

calculating horizontal refrigerating devices designed for the condcnuﬁ.n ..

in the presence of noncondensable gases. The theoretical premises were
checked in an experimental laboratory device by condensing the stesm of
ethyl alcohol and water in the presence of air or nitrogen. .
The importance of the problem of drying in a boiling layer was
enphasized ty the discussion following the reports.
P. D. Lebedev (USSR) emphasized the value of the impulse method
of drying finely dispersed materials, V. Vanecek (Czechoslovakia) poinhl
out with reason that drying in a medium with a oonsiderable anount of |

lazum cannot be considered as an adiabatic process, etc. | .J
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" The nain subject f discussfon at the fourth session was heat ~

transnission. . .
Unable to dwell in detail on the content of all the reports, we

shall hereafter confine ourselves to a brief outline of some of the
works and rTeports. |
V. R. Van Vijk outlined tﬁo results of an investigation :mfo tho
formation of stean bubbles in boiling 1iquid binary mixtures; the Te-
port was illustrated by a motion picture film (the f4lming speed was
4,000 frames per second). . |
The work of K. Kembjovskiy and M. Servinskly (Technical Insti-
| tut.e; 4Lodz') discussed the investigation of a heat transfer from a
heated wall to a suspension of solid ‘particlea in water moving in a
pipe, and cited a comparison of the heat transfer coefficients with
refefencé to pure liquid and suspensions.
| I. Hoshohitskaya (Institute of physical chemistry of the Polish
" Academy of Sciences) experimentél]y determined the local heat transfer
_ goefficients on models; the resulting coefficientswere then compared
ﬁith the values obtained from an analogy between the heat transfer pro-
cesses and the mass.
The 1.na.;;s exchange of two-phase systems was the subjeot of dis-
. cussion at the fifth seséion. Special mention should be made of the
qu-epori'. subnitted ty professor Zh. Standart (Institufo of theorot:l.cai

I

bases of chemical machinery of the Czechoslovakian Academy of Sciences) -

..I

Iwho used the thermodynamic method of irreversible processes to
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linvestigate the transfer phenomens Gn an interphase surfeoe; Guided 7|
by the Bernoulli equation and the first law of thermodynamics, witte -
with veference to heterogenic systems, the author obtained the well- |
Jmom differential equations for a continuous phase and new expressions i
for the processes ocourring on the surface of the phase division.
Corresponding inequations for individual transfer processes were ob-
tained on the basis of the second law .of thermodynamics expressed in '
the form of an irrvefersible entropy increment. ‘fho linear correlation
between the moving fordcs. and the streans they generate, obtained frol "
these inequations, arve transformed and account is taken of the changing .
moving forces. Of the greatest interest are the correlations ducrib-
ing the superimposed processes of heat-and mass-oxchange.

G. Linde (East German A'caduy.‘ot Sciences) investigated the
hydrodynenic instability of the liquid interphase of a surface in the -y
process of mass a.nd heat exchange. Determining the.coefficients of. |
light vey diffraction on an interphase surface, the author showed that
the instability of tast surface is the cause of a more complex free
convection mechanism in the mass and heat exchange processes on the
bounaary of the phase division. Under conditions of a compulsory
surbulent convection, the hydrodynanic stability reduces the intensity
of the process.

J. M. Smith (California University) studied the nature of the

. transfer in porous catalyzers which are considered as & lycf- of
ﬁ_g_cro-and micropores. The exporimntcl data were processed with a vt-._l
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: ;.; obtaining the relationship between the speed of ges diffusion uﬂ‘:
‘the distribution function of the macropore sizes, as well as the Te
lationship between the seeming (equivelent) heat conduction and the
distribution function of micropores and the length of the free rwn of
gas molecules in them. ' '

J. Niko and P. Le Hoff (University of Nancy, France) ummgmd .
the removal spoed of solid particles (glass balls with & di;ut.q: of
63 .micron) with reference to 1- and 2~ component boiling layers (glass
balls with a diemeter of 63 and 160 micron). The authors drawmn an
enalogy between the diffusion of particles in & boiling la,ver and a
turbulent diffusion in a continuum, ‘

M. Mokhtadi (Birmingham University) and P. Brus (Censdian In-
dustrial Company) investigated the internal circulation and speed of &
following drop with refevence to binary mixtures of nonmiéciblo liquids.

P. Feldesh (Budapest Technical Inst;mu) drew an analogy between
pass transfer and hydrodynamics on reticular bubble plates of dittpgion
apparatuses. |

. Of the reports submitted to the gixth session, to shall mention
that of Mr. Jorger (Prague Scientific Research Institute of thermo- 1
technics) on "The effect of a jet flow on the mass transfer sud the
possibilities of using that method for érying purposest, wnd by Me E,
Posin (Leningrad Lensoviet Technological Institute) "Foan in the pro-

cessing of gas with liquids".
| M. Corger imvestigated the process of uphthllm cvapoutionJ
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:"ifdor the effect of an air strean Tirected from . nossle nogpally 45
the evaporation surface. The correlations required to determine the
coafficient of the mass exchange were obtained on the basis of axpere
iments carried out under different donditions (the spsed of ‘the air
Jot from the noszle 10-40 m/sec, the width of the nossle 5-40 ma, the
distance between the nozzles 70-350 n,' and the distance between the
nozrle and the control plate was 1-8 times greater than the width of

the noszle). The optimum distance between the nossle and the material
should be 8.5 times greater than the width of the noszle.

. M. E. Pozin's investigations in the use of the fonrqinm
videly knom. This was indicated also by the lively discussion that
followed his veport. The various interaction processes betwesn gas and
liquids (cooling and heating gases and liquids, evaporating solutions,
drying and moistening gases, etc.) are lhurph ;ntwai.(iqd by the oon~
version of the gas~liquid system into a stable foam. .

The considerable turbulence under such conditions leads to the "

- creation of a constantly venewable interphase surface, the a4 fusion

resistance decreases and the intensity of thermal and diffusion pro-
cesses increases many times in comparison with tho usual bubbling
appara.tuua and scrubbers. Used on a large scale ave foamy gas puri-
fiorg whoso officiency is as high as 97-99%; the best results are

| achievable in cleaning the ges of dust consisting T sl

diameter of about 5 microns.




» o

|
| | : processces. The report auhnitted‘;y 8. Ellis and J. Jeffries (Birn:! ' 1
ingham University) contained an analysis of the existing theories of |
| mass transfer and the quantity of ‘movement in a system of a continuous
and dispersed phase, and made an attempt to determine the efficiency
R ofﬂ apparatusea ty calculation ne’d:ods.' As an analysis was made for
only one drop of liquid, a coincidence of calculatiog and experimental
¥ ' data vas obtained only for simple apparatuses with a fairly accurate
descript.ion of the hydrodynamic regime of the dispersed phase. Uuder .
conditions of a complex extract f]mv, the picture is changed ty the |
interaction ("adhesion") of the drops. : _ : .
.. T, Molino (Birkenditch Technical Institute, England) investigated
| th:e' ma.ss exchange by separating the liquid systems and suspensions in
' | s hydrocyclone. He cited, in particuler, the design psremsters of an
apparatas for the enrichment of minerals and the form of solid particle
| ’ trajectories as well as the investigation results of extraction and
j ' oil separation.
" Doctor Reiner (who spoke in place of K. Id.bhlrt, Lurgl Joint
; Stock Gompany, Frankfort-en-ilaine, West Germany) outlined the results
‘ of nis research on eq/pmM“far liquid extraction. A higher afficiency o WY

/’///

/fbﬂsuélw achieved by increasing the mass tranater surface or decreas~

e it e

- ing the film thickness of the respective phue. According to tha ’ C.
b authors cf the preposed apparatusee which are or a move cofiplex deaign
than the packed and eift.er columns, the degree of uparation amounts |
- e 90-95$ It u proposed to replace the aixing ty untrmumon =
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" ¥hich makes 1t possitle to do witBSut & mixer-separator. The faves®
gations weve made on a model about one-tenth the natural sise.

G. P. Solomakha and A. N. Planovskiy (Scientific-Research
Institute of organic semiproducts and dyestuffs, ioacov) mtuctod
the m; transfer process 1n a gas phase .dndu the absorption of
eamonium by water from an air-ammoniva mixture. Humerous tests re- - d
vealed that the coefficient of the mass transfer on sieve plates is
determined by the speed of gas in the column and -the height of the
static liquid level on the plate.

Schubert (Czechoslovalia) S. Koppacheva (USSR), ets. partici-

‘pated in the discussion. | |

The eighth session was devoted to absorption progesses.

K. Asperger (Institute of chemical equipment designs, Leipsig, B
East Germany) cited a design of equipment for the producticn of nitric E
acid and developed a new equation for determining the equilibrium con-
stants of nitrogen dioxide absorption. Admitting the possibility of
'usj.ng existing methods for doaigni.ng plate-like absorption colm,"

the author finds it necessary to elaborate the design of packed columns ~ -

and proposes a system of differential equations for characterizing the
' changing concentrations ly the height of the column, | |
The reports of Vi I. Konvisar who spoke on behalf of a group of .
autbors (V. Atroshenko, A, Zasorin, V. Efiov, Ys. Bondysh) and I.
Litvinenko (Kharkov Polytechnical Institute) ouwtlined the results of &

| Lavgo-ocale affort 1n desiguing colums to obtaln nitris esid froe | ]
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nitric oxides. The process of pitric oxide absorption by water f
solutions of nitric acid is considerably sccelerated in a column with
sifter platea. The report shows the officiency of the plates as de-

tcmincd by tho teaperature, linear speed and general pressure of nitmo

gas as well as by the acid concentration. A production typo nitric
acld with a concentration of 68-70% was obtained in a zonal absorber
vith sifter plates under & ﬁossure of (3.8-5) x 9.8 x 0% Hx w?,

Ya. Bettelheim and R. Klimecek (Scientific-Research Institute
of inorganic chemistry, Usti-on-Labe, Czechoslovakia) proposed and
succeésfully tested oix a new model an absorption installation consisting
of a packed column made of wire spirals. The installstion is designed
to absorb sulfur diokide from the flue gas of thermal electric power
plants.

M. Belski and M, Adelmets (Sciontifid-aosoarch Institute of in-
organic chemistry, Usti-on-Labe, Czechoslovakia) reported on the con=
stﬁxctioh and extraction results on a semiplant model of an absorber
with "collapsing" (Russian term proval'niye) plates designed to mh .
the tall gases in the production of superphosphate: A study of the
apparatus produced certain data characterizing the mass pransfer
coefficients and the drop in tho column pressure. |

v. Orlov (USSR), and others participated in the diucuuion.

Redistillation was discussed at the ninth nuion. V. V.
Kaforov's report (Moscow D. I. Mendeleyev chonical-tochnological

L_Inatituto)m titled "Certain protlems of the oontonponry state of o |

_2“ —
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:Th. theory and practice of redistillationt. Tus Teport discussed the |
oqulibriun in stean~-liquid eyoteu and the kinetics of redistillation
processes; 1t introduced the oconoept of diffusion efficiency and d.td
oquations of mass transfer with reference to the design of the various
types of diffusion apparatuses; it cited the tecinical and ooml.tce._
indices of the redistillation columns (the output per unit of capacity
and the consumption of energy per wnit of t.ho difision height) and
proposed certain methods of hproving thu

K. Drozba's work (the Otto Gerike Polytechnical Institute,
Magdeburg, East Germany) dealt with the m..m.m of a mass trans-
fer on a hooded plate; the reports of M. Gumlia, M. hloc and A. Stand~ - 9
art (Czechsoviet friendship plants, Zalushi, Ouchoalonk:u, and the
Institute of theoretical basés of chemical uchinory of the Czech

Actd.nw of Sciencbs) discussed the dynamics and mass transfer of col-

lapsing plat.u; T. G. Somer (Technical University, Ankara) discussed
the experimental investdxation into the designing ot rodiltillauon
colums with sifter plates; 2. Hobler, R. ‘Crupicka and I. cham
(Laboratory of processes and _apparatuses of the Polish Academy of H
Sciences) investigated the hydrodynamics of sifter and collppsing

. ‘plates., o |
" Distillation was the subject of discussioa at the teoth session.
Mention should be made of the work of K. Lukasi, I. Gaker and D, Gelbin

-

(Leina werke, East Goinany) discussing the pt;)duction of trimethyl
| amine with the use of an extractive distillation Ii.!i'o\kf’ of ..WJ, L
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"a@dne with water. The relatimshfp between the mmber of theoreticdl |
places and the amomnt of added water yas obtained as a result of the'
design of the column with the use of a computing machine.

We should also mention the report by Vilim (Scimtﬂic-aoaonreh
Institute of synthetic rubber, Gotwaldow, Ozechoslovakia) on the use of
azeotropic distillation to dehydrate certain partially water soluble:
hydrocarbons. That veport defines the physico-chemical Mhra‘ =
vhich determine the velationship between the amounts of water in'a -
liquid end steam phase as well as the final water content in a liquid
subjected to distillation. . |

The eleventh and twelfth sessions were devoted to chemical re-
actors. | '

The report on the "Effect of chemical reac?:lon on diffusion
phenomena” by D. F. Otmer (Technological Instdtute, Brooklyn, N. I,

U.S.) dwelt on the general chavacteristics of diffusion phenomena, and .

particularly, the simultaneous transfer of heat and mass. IV would be
practical to use electronic computers for the solution of the corTes-
ponding differential equations. The experimental investigation of '
drying processes calls for the use of high precision apperatus..

The solution of importent problems in chemical ld.notica should
be based on the following scheme: the formulation of the :I.n:l.tm con-
cept of the process mechanism, a mathematical analysis, an oxper;.nent_al

study of the process, the design of the installation, its production:
L_and operation. The experimental method of mvgltizat;on 4s of major_]
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 Inportance, but mathematical pattéfs are also established., The vest !
method of onalysis is the presentation of the differeatial equations
of" the process in dimensionless form. Anmalogic computing devices ' |

‘should be used for caloulating the streans of heat and mass in chemical
veactions. | |

. Unfortunately, the reporter touched only on gensral formulations
but did not provide any mathematical or graphic interpretaticn. L
& v I. I. Yoffe and L. M. Bis'men (Scientific-Research Institute of .-
' orgenic semiproducts and dyestuffs, Moscow) substantiated the selecticn
of optimum operating conditions and designed various schemes of chem- _
ical reactors. As pointed out by the authors, dynamic programming is ]
the most effective method of solving such problens, | ' ‘
The work of D. R. Mason and J. Coulas '(unv;mt,y of Michigan, | i
Ann Arbor, Michigan, U.S.) discusses the mathematical modelling of a
tubular reactor with a fixed layer in a trensitional regine; .I. Nlits
(Research Laboratory of the Unilever Company, Vlardingen, Holland) | ) ’ J
speaks of the mathematical camparison of periodic and constant cond;nn-
tion reactions of ethylene oxide; J. J. Carberry, (Division of PNMI“
and Apparatuses, Notre Dame Univorsiti, Indiana, U.S.) discusses the ‘ T
effect of heat- and mass transfer on the activity and yield of catalytis
heterogeneous reactions; M. Grupa (Scientific-Reseapch Institute of
Macvomolecular chemistry, Brno, Czechoslovalda) devoted his work to o

i
;
.
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study of theloiling and condensation processes occasioned by a direct
© | vemoval of the heat from liquid systems; the report of 0. Kauteldy _J
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' (chemical plants of Czech-Soviet friendship, Zaluzhi, Cuechoslovakis) |

dealt witn e synthesis of ammonium in the presence of ovgon-&ontlining
substances; I. Sedlacek and L. Xubicek (Research Institut.o of the

' Cralovopolald maching-building plant in Brno, Pragus department) dis-
cussed the catalytic method of ng gas mixtures from oxygen and
lydrogen, etc.

After the CHISA Gongress the delegates attended the opening of
tie International fair at Brno with its large exhibition of apparatuses
of the chemical machine-building industry from many countries.

In conclusion it should be pointed out that the convening of the
Congress contributed to the establishment and strengthening of friendly
contacts between the scientists of various countries.

There is no doubt that these creative contacts will contribute
to the development of science and technology in such &n important aves

as processes and apparatuses of various branches of industry.
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