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_ MARTIAN TRELA

Gdansk

Expenmental Investigations of the Pressure Drop of Freon 21 During
Flow Boiling in Vertical Pipes™*

A facility is described, designed for investigation and measurement of the freon 21 boiling pressure
drop in vertical pipes. The measurements enabled a comparison between experimental data on the two-
phase friction factor and its values calculated after formulas presented in [2]. A good coincidence of
the calculated and experimental values has been stated, proving the soundness of the formulas derived
in [2].

Symbols
A — channel cross-section area, ' x — quality (x=rm,/m,+m),
Cs, Cy,— pressure dependent factors, %« — Martinelli parameter [y, = (p,/p)%>>> X
d — pipe diameter, S (afi) > (1 = x/3)],
g — acceleration of gravity, { — single-phase friction factor.
h, L — length, :
i — enthalpy, Subscripts refer to:
k,m — pressure dependent factors, a — pressure drop due to change of momen-
m — flow rate, tum,
M — mass velocity (M =mj/A), F — freon,
2w LSt g — gas (vapour)
r — factor, heat of evaporation, # — hydrostatic pressure drop,
R — two-phase friction factor R=————-(dp/dL)TPF, i wllioeasurement gection,
(dp/dL),, ! — liquid,
t — temperature, m — mean value,
v — specific volume, r — pipe, mercury,
# — dynamic viscosity, TPF — pressure drop resulting from friction,
p — density, u — readings on mercury differential mano-
¢ — void fraction (p=A4,/A4), meter.

1. Introduction

The new concept of the thermal power plant cycle, namely the binary cycle [1], with a
vapour of low-boiling fluid in the low-temperature part of the cycle, yields a number of
new problems.

* Praca wykonana w ramach problemu resortowego PAN-19, grupa tematyczna 3.
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One of them is the method of calculating the boiling pressure drop for the low-boiling
fluid flowing in vertical pipes. Its solution has been put forward in [2]. This paper is aimed
at comparing the calculated values of the pressure drop after the method worked out in [2],
with those measured in experimental set-up. Freon 21 was used as a working medium.
The pressure drop was measured in conditions of bulk boiling only, because the method
given in [2] is valid for that type of boiling exclusively.

2. Experimental stand

The experimental stand has been build in the laboratory of the Thermodynamics and
Heat Exchange Department of the Institute of Fluid-Flow Machines of the Polish Academy
of Sciences in Gdansk. A schematic diagram of the stand is presented in Fig. 1. The freon
21 circulates in a closed circuit comprising a preheater, evaporator, separator, condenser,

by L
I Measurement sections
e b s m
b
v
t,
13 ]
g S o
N8 I =
ST
Condensate £
collectors ™ - =
i | o
tli i o
v
= S|
e O
Bl o
Fig. 2. Measurement pipe tag e

measuring tanks, plenum chamber, coolers and a pump. The main and auxiliary freon
tanks are additionally used when filling and draining the system. Freon is heated in the
preheater and afterwards it flows through a mixing chamber to the evaporator where partial
evaporation takes place._ After reducing its pressure outside the evaporator, freon flows -

1
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to the separator where liquid and vapour phases are separated. The-liquid flows to the ple-
num chamber, whereas the vapour goes to the condenser. The condensed freon flows to
the plenum chamber through the measuring tanks. Freon is supplied from the plenum
chamber to the pump through the cooler 1. A part of it comes back from the pump to the
plenum chamber through the cooler 2, whereas the rest goes through a measuring orifice
to the heater. :

Freon is heated and evaporated by the heat taken from the condensing steam. The
steam is supplied in the form of a dry saturated vapour, prepared with the use of a special
reducing—cooling station. The evaporator consists  of two pipes; steam flows between
their walls. The inner pipe forms a measuring element (Fig. 2). Its dimensions are: length
L=4614 mm and inner diameter d=11.6 mm. Mushroom-shaped collectors spaced on the
pipe at 450 mm intervals collect the condensed steam which is drained off to the measuring
tanks. The measuring pipe shown in Fig. 2 comprises five sections for pressure drop and
temperature measurements. The first section is of length 4, =892 mm, the other ones — of
lengths /4, =900 mm each. ‘ >

Copper-constantan thermocouples made of 0.5 mm diameter wire were used during
the experiments for freon temperature measurements. They were calibrated before the
experiments. The pressure drop in the measuring pipe was measured with the use of di-
fferential manometers of the MUR 1200 S type, with mercury as the manometric liquid.
Disk manometers were employed for freon pressure measurements. A disk manometer
of a 0.6 class of the range 0+25 kG/em?, was installed at the measuring pipe inlet. Other
manometers installed on the measuring pipe were of a 0.4 accuracy class and 040 kG/cm?
measuring range. Disk manometers with ranges 0+4 kG/cm? and 0+6 kG/cm?, of the
0.5 class, were used for steam pressure measurements, whereas mercury thermometers
of the 100+ 150°C range, with the scale interval equal to 0.2'deg centigrade were used for
temperature measurements. :

Ten measuring tanks, 900 ml volume each, were employed for measuring the amount
of water condensed from steam in the measurin 8 pipe, with accuracy up to 0,5 %. A quadrant
measuring orifice fulfilling the standard PN-65/M-53950 was used for freon flow measu-
rements, with a ,,Junkalor” ring balance meter applied for measuring the pressure difference
in the reducer. In this way flow rate ranging from m=400kg/h to m=1700kg/h was
measured with average error equal to about 19%. Experiments on the freon 21 boiling
pressure drop have been carried out for the followin g parameter ranges:

— freon saturation temperature

tp=90+120°C  (pp=10.74+19.67 bar),

— mass velocity M = 10004150 kg/m? s,

— temperature difference between steam and freon Atz = 5+ 37°C. The heat flux density
obtained for the above values of parameters ¢y, M and Atpy was equal to g=11 000+
+115 000 W/m?. 114 main measurements i.e. measurements of the two-phase flow pressure
drop, and 28 auxiliary measurements aimed at determining the measuring pipe roughness
have been made during the experiments. The auxiliary measurements were carried out for
the flow of liquid freon at temperature equal to 20°C. The measured values of the pressure
drop together with flow rate value and physical parameters of the medium under conside-
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Fig. 3. Some results of measurements of pressure drop along the measurement pipe versus mass velociyt

ration served as the basis for calculating, by means of the Weisbach’s formula (17), the
friction factor {. Aftegwards a relative roughness k/d was determined from the calculated
Reynolds number and well known relation {=f(Re, k/d) for rough pipes. The absolute:
roughness, i.e. the height of irregularities obtained therefrom was equal to k=~0.06 mm.
Some results of pressure drop measurements obtained during the experiments are shown
in Fig. 3. The measurements were made for the saturation temperature of the freon at the
measuring pipe inlet equal to ¢#;=110°C.



64 M. Trela

3. Experimental values of the friction factor R for freon 21

The experiments were aimed principally at determining — on the basis of pressure drop
measurements — the values of the local two-phase friction factor R for freon 21, and at
comparing them with values calculated by means of the relation given in [2].

Pressure drop measurements for two-phase flow along vertical pipes comprises three
components

Ap=Aprpr+A4p,+Ap,. ¢))

This renders experimental determination of the friction factor R values difficult, because
the value of the pressure drop component Appr resulting from friction — which is necessary
for the calculations — can be determined from (1) only if the terms Apu and 4p, are known.
The pressure drop 4p, resulting from the momentum change of the medium in two-phase
flow can be determined, according to [3], from the formula

Ap,=rvo,M?, )
where r — factor.
The formula (2) is valid for x=0 at the inlet of a channel with boiling medium.
Different values of the pressure drop 4p,.are obtained from (2), depending on the assu-
med form of the factor . Two formulas for r are given in [3]. If a homogeneous two-phase

flow is assumed, with liquid and vapour phases perfectly mixed, the factor r is calculed
from

e e L 3)
]

For separated flows, with the both phases entirely separated the factor 7 is calculated from
a formula

r=r.= +— 21, 4
I—p o vy .
The calculated value of the total pressure drop 4p is only slightly affected by choice of
the formula for r assumed when calculating 4p, in vertical pipes. The reason is, that for
small mass velocities Ap, is small compared with Aprpp and 4p,. For big mass velocities
4p, increases and simultaneously the flow becomes similar to the homogeneous one.
For these reasons r equal to ry was assumed in the calculations of this paper.
The pressure drop Ap, over the length of any measuring section is, on the basis of (2),
equal to
Apy=(ri—ri_)u,M?, (5)

where i=I, TI, ITI, IV, V — measuring sections. The above formula is valid for x>0
at the inlet of the channel with boiling medium. 8
The hydrostatic pressure drop for two-phase flow is given by a formula

Ap,= g’ [o, 0+ p(1—9p)gdL]. (6)

The dependence of ¢ on L should be known for a calculation of 4p, from (6). However,
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void fraction ¢ is usually given as a function of quality x rather than of length L. In such case
a transformed formula, obtained with the use of relations

dL s
dL=adx, P @ +p(1—9)=p ™
will be used in the form ’
ar
A S 8
= J‘ d ; ®)
0

On the basis of this formula the hydrostatic pressure drop in a short measuring section
can be determined as

B d s s
Apy=-— fpgdx=—[fpgdx— [pgdx]- )
Xi—Xi—1 Ax J
Xi-1 0

It is evident, that void fraction ¢ should be known determine 4p,;. Two formulas
were employed in this paper for calculations of void fraction in freon 21. For x>0.05
calculations were made according to a formula given in [2]

e »
1—¢=c¢(1+—) = (10)
Xtt

Factors C , k and a number K, determined for freon 21 within a saturation temperature
range tz=70 - 120°C are given in a Table.

Values of parameters Cy, C,, m, k and K for freon 21 at different temperatures

Freon saturation
temperature °C
70 80 90 100 110 120
Parameter 2
= (ﬂ—")o'zs 21.65 17.05 13.58 10.81 . 8.64 6.91
Pg \th
Co 2.07 1.98 1.9 1.8 1.67 1.56
o, 0.48 0.50 0.53 0.57 0.6 © 0.645
m 0.886 0.891 0.897 0.904 0.914 0.924
k 0.858 0.886 0.875 0.885 0.895 0.908

For quality x<0.05 the Thom’s formula [4] was employed

Ox

=l 11
1+x(0-1) o

¢=

where @ denotes a parameter expressing pressure influence. Values of @ for water at
different pressure values were given in [4]. The last formula can be used, on the grounds
of considerations presented in [2], for media other than water, provided the parameter

5 Prace IMP z. 64
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© will be given as a function of the number K rather than of the pressure value. @ versus
K, as calculated on the basis of [4] and [2], is shown in Fig. 4. Void fraction ¢ for freon
21 within saturation temperature range =280 - 110°C, calculated according to (10) and
(11) as a function of x, is shown in Fig. 5. The obtained dependence ¢ = ¢ (x) was emplo-
yed for calculating an integral

6[59 dx ‘ (12)

which was used when calculating 4p,. Integration was done by means of a Simpson for-

mula
Xo+ 2k

§ ydx=%k(yo+4y;+y,) » (13)
Xo

with £=0.01 for 0<x<0.05 and £=0.05 for x>0.05.
Calculated values of the integral (12) are shown in Fig. 6.
The above presented formulas were used for calculating a contribution of the pressure
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drops 4p,and 4p, to the total pressure drop 4p which was obtained on the basis of me-
asurements from a formula '

Ap=h.p,—pr) g +prgh,. (14)

From (1), (5), (9) and (14) the friction pressure drop along the i-th measuring section
equals to o

Xi—

: hr Xt 3
APTPFi=hu(Pr—PF)g+Pthr_—(ri_"i—1)UzM2— Zc[(‘)[pgdx— 6[ pgdx]. (15)

This formula is employed for determination of the average two-phase friction factor R
for given measuring section, the factor being equal to

Aprer; (16)

Aps == a7

1.0 T

0.9

08 / (5>
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iy
T

|
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Fig. 5. Void fraction ¢ versus quality x for freon 21 at different saturation temperatures :
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Local friction factor R is a continuous and monotonically increasing function of
quality x (up to x=0.8), so that it may be assumed, on account of the measuring section
being not very long, that the value of the average friction factor R is equivalent to the
local friction factor value R for the average quality

m

xi+x,-_£ (18)
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and the average saturation temperature

P ir
tm= & 19
= (19)

In the experiments under consideration the quality was determined from the heat balance

=L(w_,-/l), o)
Fr mgp 3
where i, — freon entalpy at the measuring pipe inlet, i, — enthalpy of the freon liquid

phase at any point along the pipe.
The freon enthalpy was read from tables [5] for freon temperatures measured in the

measuring pipe with the use of thermocouples.

4. Comparison of measured and calculated values of friction factor R
The measurements of two-phase pressurer drop for freon 21 made in the experimental
facility under consideration could be divided into 6 groups having different average mass
velocities. Their values were equal to: :

M,;=1090 kg/m?s, M,=1440 kg/m?s, ~ M;=2115 kg/m’s,
M,=2760 kg/m?s, M=3450 kg/m?s, M¢=4095 kg/m’s.

Mass velocities for individual measurements inside each group differed from the corres-
ponding average values by no more than 79 for the first group and by 1% for the last
one. The values of friction factor R obtained from the measurements made at freon tem-

200
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Fig. 7. Calculated and experimental values of the friction factor versus quality
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Fig. 9. Calculated and experimental values of the friction factor versus quality

perature #,=100°C are shown in Figs. 7+12. Calculated values obtained after the formula
derived in [2]

1.75m

R=(1—x)1-75cg,(1+__> =R, = o)
Xzt

are presented in the same figures for comparison. Values of factors Ca, m expressing

pressure influence on R factor were determined for freon 21 on the basis of relations

given in [2] for dependence of these factors on the number K. Values of Co, m and K
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for freon saturation temperatures ranging from #;=70°C to t;=120°C are given in the
Table. . )

From the curves presented it is evident that calculated values of the friction factor
R,, are sufficiently close to experimental values: This proves that formula (21) is valid,
as well as formula (10) for calculation of void fraction ¢ and criterion of K, which charac-
terizes — as it was shown in [2] — two-phase flow similarities with regard to pressure
drops. Experimental values of the friction factor R may be determined from the total
pressure drop measurements for two-phase mixture, only if the pressure drops 4p, and '

200
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Fig. 10. Calculated and experimental values of the friction factor versus quality
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4p,, are determined. These, in turn (and especially 4p,) can be calculated provided the
void fraction ¢ is known.

Fig. 7 shows factors R as calculated additionally after the formulas of Lottes and
© Levy employed in the forms:

1-x\? '
R= S Lottes’s formula, 22)
[ ¢ ®
(1 __x)l.75 :
=———— — Levy’s formula.
=97 L fi 1 : (23)

The above formulas were formerly employed only to water. Appropriate values of void
fraction ¢ should be used to make them adequate for the calculation of friction factors
of other media. For that the formula (10) was employed in this paper. With the values
of ¢ calculated from (10), friction factor R calculated according to (22) and (23) is close
to the measured values. The mass velocity influence on the friction factor was confirmed
by measurements, as it is evident from Figs. 7+12. This influence was not taken into
account in (21) as the formula (21) was derived from experimental values of friction factor
R for water, given by Martinelli and Nelson [3]. It was stated in [6] that these values
are valid for mass velocity

M=10° 1b/ft?hr  that is for M =1356 kg/mZs.

The dashed lines in Figs. 7+ 12 show friction factor R versus the mass velocity, as evalua-
ted from the experiments. The lines are drawn for simplification in parallel to the Ry
line. R is decreasing when mass velocity increases. For certain value of the mass velocity
it becomes equal to the calculated values of R,,. Such trend, consistent with other works
[6, 7], is observed for four first groups. For the last two groups the friction factor increases
when mass velocity is increasing.
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A simplified way of drawing the experimental curves of the friction factor values
versus mass velocity, namely drawing them parallelly to R,, (dashed lines in Figs. 7+12)
allows analytic formulation of the dependence R(M) without taking quality into ac-
count. Values of the friction factor versus mass velocity, for chosen value of quality (x=
=0.3), were put down in Fig. 13. Then two straight lines @ and b were drawn through
experimental points, intersecting at the mass velocity M =2400 kg/m?2s. Only the a line,
whose course is proved by other papers, was taken for further analysis leading to analytic
expression on R(M) dependence.

As Fig. 13 is drawn in logarithmic scale, the straight line can be described by an ex-
ponential formula of the type

R=CM™", ‘ (24)

where n — tangent of the angle o between the straight line @ and the abscissa.

The value of n was evaluated from Fig. 13 as equal to about 0.25. The experimental
and calculated values of friction factors are equal at M, ~1400 kg/m?s (see Fig. 13).
Obviously, the point M > Ryp) satisfies the straight line equation (24) i.e.

e (25)
Dividing (24) by (25 one obtains |

_’i=(£)_". , . (26)

Ry \My
Hence
M, \" 1400\%2° :
el o

This expression is vahd for M <2400 kg/m?s, i.e. up to the point of intersection of the:
lines @ and b.
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Fig. 13. Dependence of the friction factor on mass velocity, for x=0.3 and #r=100°C
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S. Error in the determination of friction factor R from the measurements

Measured values of friction factor R are obtained with systematic as well as random
errors. Small number of measurements made in identical conditions caused that a ran-
dom error was not evaluated. A systematic error originating from measurement or calcu-
lation method could be evaluated as it did not depend on number of measurements car-
ried on.

It was assumed that the assessment of the total error by simple addition of the errors
of independent variables (measured parameters) would not be reasonable. For that re-
ason a more likely error, namely the root-mean-square error [9], was calculated instead
of the maximum error. X

Generally the root-mean-square error of a dependent yariable py—fi(x, X, ... %)

has a form
e Ar N2 :
Ay=\/<2§j~rdx) : (28)

The formula (16) can be transformed into the following form

- h,
h(p,—pr) g+ prgh,—(r;—r;_ 1) v, M* — . w
x
R— - 2 (29)
: ¢ h, M
"d 2p;
where
W= ngdx— I g dx.
It can be rearranged to the form
_2d[ h,gps(p,—pr) pPrg _nh=ri Wog
e F A iabes e (30)
oy h, M? M ok Ax M?
It is evident that R is a numerical function of variables
R=R(h,, h,, M, Ax,d, W). 3D

The root-mean-square error of the friction factor R is equal, in accordance with (28),
to ‘
AR =

=\/ SR B LT (R
(ahu ) (ah ) (51\_4 > [a(A) (x)] (‘a'd‘ ) (a_vV )

(32)

Errors made at determining physical properties of freon and mercury have been omitted,
as small, in the above formula. The root-mean-square error depends mainly on the errors
of independent variables Ax = x;—X;_; and M.

The four representative measurements have been chosen for calculation of the root-
mean-square error. They determine the range of variability for Ax and M, and, simultane-
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ously, the range of variability of the root-mean-square error. The four variants of error
calculations were hence obtained:

Variant A; — measurement No. 48
Small values of Ax and M

Variant A, — measurement No. 23
Large value of 4x, small value of M.

Variant B; — measurement No. 46
Small value of Ax, large value of M.

Variant B, — measurement No. 26
Large values of Ax and M.

Separate partial derivatives in (32) are

R =2dppg(p_,~pp)’ (33)
ah, b MP
oR  2d - hy(p,—pr) 9pr
SFeaiEE e L Ve (34)
o hfcz[(r‘ e M?
oR 4pp [h(p.—pr)gd wd
R _ 4, [hip, L (35)
o M3C,|: P +pPrg =
oR . zdpp Z (36)
a(Ax)  Ax*(M?
4 D: A
R 2 h,,(p,—/_n;)gpFerggz Sl WI{FZ - (37
dd Gl hM M° b AxM
R 2dpr (38)
ow AxClMZ

The errors of determination of hys s M, Ax, d and W were either calculated or evaluated
(for detailed calculations see [10]). Their values are:

Ah,=0.003 m, Ah,=0.003m, AM=43.4—51.5kg/m’s,
A(4%)=0.67-10"°+36.7-10"3, Ad=0.0001m, AW =0.844.

The above data served for calculating, by means of (32), the root-mean-square error of
friction factor, together with the relative error. For assumed variants of calculations
the corresponding values of errors are:

Variant A,
AR=1.395, R=492, AR/R=267.
Variant A,
4R=1.322, R=124, AR/R=106Y;.
Variant B;
AR=0.152, R=334, AR/R=4.55Y%.
" Variant B,

AR=0.339, R=7.31, AR|/R=4.63Y.
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The measurements used for error calculation determine the range of average error
variability. Hence, from the above presented relative error values, the error made for
measurements with mean — within limits of assumed range of variability — values of M
and 4x, can be evaluated as equal to about 10 - 15 v

6. Comparison of measured pressure drop values with the calculated ones

The pressure drop calculated on the basis of (1), (5), (9), (18) together with (10), (21)
and (27) served for comparison of the calculated values with those measured. The results
of the comparison have been presented in Fig. 14. It is evident from the figure that the
calculated and measured values do not differ more than by =+ 10 percent. Larger differences
exist for some measurements from the fourth group of measurements. However, the
mass velocity there, equal to M =2760 kg/m?s, is outside the range of M-values where
the formula (27) is valid.

8010 | B
(2ple . 7 . +i0%
ek + —M=1090 kg/m?s
[Nm] @ —H = 1440 k/m?s A
50 o —M=2115 kg/ms 7~
0 & —M =2760 kg/m®s &
NGRS
/t\
»
2
1010° /‘/é?
2 + 7
X ’
o
/ <
Vo (p),, /]
5.,03 / /-7,1-,7 lml
510° 10-10° 20 36 40 50 60 70 80 90100

Fig. 14. Calculated values of the pressure drop compared to measured values

In the author’s opinion, the differences of about 10 percent can be regarded as per-
missible from practical standpoint. Thus, the method of calculating the pressure drop
for freon 21 from the formulas (10), (21) and (27) may be regarded as sufficiently accu-
rate.

7. Conclusions

Experimental investigations of the boiling pressure drop for freon 21 in a vertical
pipe proved the validity of the formulas (10) and (21) derived in [2], as well as the useful-
ness of number K derived as a similarity parameter for two-phase flows with regard to
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pressure drops. Additional investigations allowed to take account of the freon 21, mass
=locity influence, on the friction factor, for mass velocities not exceeding M =2400 kg/m?s
f )rﬂula (27)). For mass velocities larger than M =2400 kg/m?s the influence appeared
different from the picture given by other authors. The lack of thermodynamic equilibrium
in the flow, indispensable for the validity of (21), or the influence of heat flux can be the
probable reason of that. For the two-phase water flow, the influence of heat flux is not
observed until the value of 10° W/m? is reached; however, this influence may appear
sooner for other media. As to the influence of thermodynamic nonequilibrium on the
friction factor R, there is no data up to now. This effect is encountered, as stated in [8],
especially at high velocities of two-phase flows in vertical pipes. The thermodynamic
nonequilibrium manifests itself by a vapour temperature increase above the saturation
temperature at some distance from the pipe inlet.

From the above discussion it is clear that the explanation of the phenomenon of
the friction factor R increase for mass velocities exceeding a certain value would require
special investigations.

Received by Editor, September 1971.
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Eksperymentalne wyniki pomiaru spadku ciSnienia przy wrzeniu freonu R-21 w rurach
pionowych

Streszczenie

W pracy opisano stanowisko badawcze, na ktérym przeprowadzone zostaly pomiary spadku
cisnienia przy wrzeniu freonu 21 w rurze pionowej. Pomiary te postuzyly do wyznaczenia wartosci
doswiadczalnych wspolczynnika tarcia przeplywu dwufazowego. Poniewaz dla uktadu pionowego rur,
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°

spadek cisnienia w przeplywie dwufazowym okre$la wzor (1), to dla wyznaczenia spadku ci$nienia
wynikajacego z tarcia Aprpr — ktory okreéla wspolczynnik tarcia R — nalezato przedtem wyznaczyé
spadek ciSnien 4p, oraz Ap,. Spadek ci$nienia Ap, wyznaczono za pomoca (3) i (5). Natomiast spadek
cisnienia 4p; obliczono z zaleznosci (9), wykorzystujac przy tym (10) oraz (11). Po podstaw1emu obli-
czonych wartosci 4p, oraz Ap, do (1) przy wykorzystaniu zmierzonych wartosci calkow1tego spadku
cisnienia, otrzymano spadek ci$nienia Aprpr (15), a stad na podstawie (16), doswiadczalne wartosci
wspolczynnika tarcia R.

Wartosci te porownano na rysunkach 7 - 12 z wartosciami obliczeniowymi Ry w oparcm o (21),
uzyskujac dobra zgodnos$¢. Wyniki pomiaréw pozwolily nastepnie na znalezienie wplywu predkosci
masowej na wspolczynnik tarcia R — zalezno$é (27). Na zakoniczenie poréwnano wartosci obliczeniowe
spadku ci$nienia w przeplywie dwufazowym wyznaczone wedtug (1) przy uzyciu (10), (21) i 27) (rys. 14)
z wartosciami doswiadczalnymi, uzyskujac rozbieznosci nie wieksze jak + 10 %

IKCHEepHMENTAIbHEIE Pe3yIbTATH HCCICOBAHNS Nepenaja JaBJeHus
npu kunennd ¢peona R-21 B BepTHKANBHBIX TPyOax

Pesrome

B pabote omucan SKCIIEPHMEHTAIBHELA CTEHN, HA KOTOPOM IPOBOAHICE HM3MEPEHUs Iepenana aB-
JICHHS IIPH KEneHuy (Gpeona R-21 B BepTHKabHON Tpy6e. DTH H3MEPEHHs CITyKUTH OHpPENENCHAIO JKCHe-
PUMEHTALHBIX 3HAYeHHE KoahduumenTa TpeHms IByxhasHOro Tederms. Tak Kak Uit BepTUKANBHOMK
CHCTEMEL TPYO mepemaz HaBieHus B OBYX(A3HOM TEYCHHH onpeaensaercsa BelpaxenueM (1), mna onpene-
JICHWS IIepenana JaBJICHUsA, BBISBAHHOTO TPEHMEM Aprpr, KOTODEHIA ONpemeNsaeT k03¢ duEenT Tpe-
HEA R, 3apaHee ClIeyeT ONpPEeNesiuTh Nepenabl NaBICHMTIA 4p, u Ap,. Ilepenan naenenus Ap, onpenens-
€ICs IpH OOMOIIM 3aBHCAMOCTeH (3) u (5), a mepenan HaBieHWs Ap, HOICYATHIBAETCH IO dhopmyire (9)
€ mcrmonp3oBaHHeM 3aBucumMocted (10) m (11). IMocme MOACTAHOBKA BHIMHCICHHBIX 3HAYCHIL Adp. B Apy
B 3aBUCAMOCTS (1), C HCIOTB30BAHMEM 3aMEPEHHBIX 3HAYCHHUI a6COMIOTHOTO Iepenana NaBJICHUs, MOMy-
HaeTcs nepeman AaBieHust Aprer (15), a oTcroma Ha ocHoBe 3aBmcHMocTH (16) CIEAYIOT KCIIEPUMEHTAb-
HEBIC 3HA4YeHUs KoadduuuenTa Tpenus R.

OTH 3HAYEHHS CPaBHHBAIOTCS HA puc. 712 ¢ PacCYCTHBIMU 3HAYECHUSIMHA R, , IOIYYCHHBIMYA U3 3aBU~
cumocTa (21). JOCTHTHYTA XOpOIIas CXOAUMOCTD. Pe3ynbTaTe! M3Mepennii NO3BONIAIE 3aTEM ONPEEIITE
BIISHAE MACCOBOM CKOPOCTH HA Kosbdumment Tperns R (3aucumMocts (27)). B saxmrovenyn CpaBHUBA-
FOTCs1 paCuCTHDIC 3HAYCHNS NEpeNaga NABICHUS B ABYX(a3HOM TEUCHHH, ONpENEICHHBIE U3 3aBUCHMOCTH
(1), a Taxxe (10), (21) u (27) (puc. 14) ¢ SKCIEPEMEHTATLHBIME 3HAYEHUSMHA, KOHCTATHDYS DPACXOIAMOCTS
He Gonpmiyio, wem +109%.



