
i

P O L S K A A K A D E M I A N A U K
INSTYTUT MASZYN PRZEPŁYWOWYCH

PRACE
II§STYTUTU MASZYN
PRZEPŁYWOWYCH

TRAN§AcTIoN§
OF THE IN§TITUTE OF FLUID.FLOW MACHINERY

64

y,{R s ZAWAi-PoZ NAŃ 1g74
PAŃ§TWOWE WYDAWNICTWO NAUKOWE



PRACE INSTYTUTU MASZYN PRZEPŁYWOWYCH
poświęcone §ą publikacjom naukovfym z zakresu teorii i badań doświadczalnych
w dziedzinie mechaniki i termodynamiki przeplywów, ze szcz.ególnym uwzględ-

nieniem problematyki maszyn przepływowych

,*
THE TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW

MACHINERY
ęxist for the publication of theoretical aod experimental invęstigations of all
s§pect§ of the mechanic$ and thermodynamics of fluid-flow witb special reference

to fluid-flow machinery

KOMITET REDAKCYJNY_ EXECUTIVE EDITORS
KAZIMIERZ §TĘL'LER - REDAKToR - EDIToR
JERZY KOŁODKO JÓZF-F ŚMIGIELSKI

AND-RZEJ ŻABICKI
nEDAKcJA - E.DIToRIAL, oFFIcE

I$tytut Ma§zyn Przepływowycb PAN
ul. Gen. Józefa Fiszora 14, 80-952 Gdańsk, §kr. pocżowa 62l, t:,l. 41-02-13

Copyrisht
by Państwowe wydawnictwo Naukowe
. Warszava 1974

printed in polmd

PAŃsTwowE wYDAwNlcTwo NAUKoWE - oDDzIAŁ \il PoZNANIU

N.tlad 400+90 eg. Oddano do skłądmia l0 X ,1973 r.

Ark. wyd. 11,75. Ark. óuk.9,125 Podpisao do druku 18 V 1974 r.

Papier druk. sąt. kl. V, 70 g Druk ukończoao w maju 1974 r.

Nr am. 689/226. D4I448, Cena zl 36,-

DRUKARNIA .UNIWERSYTETU IM. A. MICKIEWICZA W POZNANIU



PRACE INSTYTUTU MASZYN PRZEPŁYWOWYCH
1974 z6zyt 64

MARIAN TRELA

Gdan§k

Experimental Investig3tio§"ii,rlnirT:ili§, 
3il"J.-" 

Freon 2l During

A facility is described, designed for investigation and measurement of the freon 2l boiling pre§sure
drop in vertical pipes. The męa§urements 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 §tated, proving the soundness of the formulas dęrived
in [2].

Symbols

l - channel cross-section area,
Co, Cę- pre§sule dependent factors,

d - pipe diameter,
g - acceletation ol gtavity,

h, L - length,
i - enthalpy,

k, m - pres§ure dependent factors,
ń - flow rate,
rM - mass velocity (M:ńlA),
p - pre§sure,
r - factor, heat of evaporation,

R - two-phase friction rućto, n:@!ĘD'::.
(dpldL)1o'

/ - temperature,
u - specific volume,
p - dynamic viscosity,
p - density,
9 - void fraction (q:A,lA),

' , - quality(x:ńglńg+ń,),
Zr, - Mattlnelli parameter lx,u:(polp)o"" x

x7lt,lp)o'LI l17 - xlx)1,
( - single-phase friction factor.

Subscripts refer to:

o - press,rl" drop due to change of momen-
tum, i

F - freon,
g - gas (vapour)
ł . hydrostatic pressure drop,
i - i-lh measurement section,
/ - liquid,

rrr - mean value,
r - pipe, mefcury!

TPF - pre§sure drop resulting frorn friction,
a - readings on mercury differential mano-

meter.

1. Introduction

The new concept of thę thermal powef plant cycle, namely the birrary cycle [1], with a
vapour of low-boiling fluid in thę low-temperature par.t of the cycle, yields a numbęr of
new problems.

8 Praca wykonana w ra,mach problemu resortowego PAN-19, grupą tęmatyczla 3.
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one of them is the method of calculating the boiling pręssure drop for the low-boiling

ffuid flowing in vertical pipes. Its solution has been put forward in [2]. This paper is aimed

at cornparing the calculated values of the pressure drop after lhe method worked out in [2],

rvith thosę measured in experimental set-up, Freon 2I was usęd as a working mediun.

The pressure drop was męasured in conditions of bulk boiling only, becausę the method

given in [2] is valid for that type of boiling exclusively.

2. Experimental stand

The experimental stand has been build irr the laboratory of the Thermodynamics and

Heat Exchange Department of the Institute of Fluid-Flow Machinęs of the Polish Academy

of Scięnces in Gdańsk. A schematic diagram of thę stand is presented in Fig. 1. Thę freon

2l circulates in a closed circuit comprising a preheater, evaporator, separator, condenser,

Fig, 2. Measurement pipe

measuring tanks, plenum chamber, coolers and a pump. The main ąnd auxiliary freon
tatlks are additionally usęd when filling and draining the system. Freon is heatęd in the
pteheater and afterwards it flows through a mixing chambęr to the evaporator where partial
evaporation takes place. After reducing its pressure outside the evaporator, freon flows
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62 M. Trela

to the seParator where liquid and vapour phases are separated, The{iquid flows to the ple_
num charnber, whereas the vapour goes to the condenser. The condensęd fręon flows to
the Plenum chamber through the męasuring tanks. Fręon is supplied from the plenum
chambęr to the Pump through the coolęr 1. A part of it comes batk from the pump to the
Plenum chamber through the cooler Ą whereas the ręst goes through a measuring orifice
1o the heater.

Freon is heated and evaporated by lhe heat taken froln the conderlsing steam. The
steam is suPPlied in thę form of a dry saturated vapour, prepared with thę use ofa special
reducing-cooliPg 31ą1l9p. The evaporator consists of two pipes; stearn flows between
their walls. The inner PiPe forms a measuring element (Fig. 2). its dimęnsions are] length
L:4614mm and inner diameter d:11.6mm. Mushroom-shaped, collectors spaced on the
PiPe at 450 mm intervals collect the condensed steam which is drained off to thę measuring
tanks, Thę measuring PiPe shown in Fig. 2 comprises fi.ve sections for pressure drop and
ternperature measuręInęnts. The first section is of length hr:892mm, the other ones - of
lengths h,:90O mm each.

CoPPer-constantan thermocouples made of 0.5 rnm diameter wire were used durins
the exPerinrents for freon tempeiature measurements. They r""." "ururu*fi"r|ę;;exPeriments. The Pressure drop in the measuring pipe was measured with the usę of di-
fferential manometers of the MUR t200 s typ",łń mercury as the manometric tiquid.
Disk manometers were employed for freon pressure measuremęnts. A disk manometer
of a 0,6 class of the range 0+25 kG/cm2, was installed at the measuring pipe inlet. other
manometers installed on thę measuring pipe were of a}. accuracy class and 0+4,0kGlcmz
measuring range. Disk manometers with ranges 0+4kGlcm2 and 0+6 kGfcm2, of the
0,5 class, were used for steam pręssure measurements, whereas mercury thermometers
of thę 100+150'C range, with the scale interVal equal to 0.2deg centigrade were used for
temperature measurements.

^ 
Ten męasuring tąnks,900 ml volume each, were employed for measuring the amount

of water condensed from steam in the measuring pipe, with accuracy up to 0,5%. Aquadrant
measuring orifice fulfilling the,standard PN-65/M-53950 was used for freon flow measu-
rements, with a ,,Junkalor" ring balance meter applied for męasuring the pressure differełce
in thę reducer. In this way flow rate ranging from ń:4aokc/h ta ń:1700kg/h was
measured with average error equal to about 1 ft. Experiment§ on the freon 21 boiling
p'essule drop have been carried out for the following parameter Tanges:

- freon saturation temperature

/r:90+ 120oC (pe:10,74+19.67 bar) ,

. - mass velocity M:l00f+4150 kg/m2.s,

- temperature difference between steam and fr eon żtrr: 5+ 3l.C.The heat flux density
obtained for the abovę values of parameters lp, lrt uni'ztr* was equal to q-l 1000;
+ l15 000 Wlm', 114 main measurements i.e. measurements of the two-phase flow pres§ur€
droP, and 28 auxiliarY mea§uręment§ aimed at determining the measuring pipe ,o,rghrr"r*
have bęęn made during the experiments. Thę auxiliary *"Jr,rr.-.ots werę carried out f,or
t|e flow of liquid freon at temperature equal to 20'C. The measured values of the pressure
droP together with flow rate value and physical paTameters of the medium under conside-
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Fig. 3. Some results of measurements of pressure drop along the measurement pipe versu§ ma§§ velociyt

ration served as the basis for calculating, by means of the Weisbach's formula (17), the,
friction factor (. Aftepwards a relative roughness kld was determined from the calculated
ReYnolds number and well known relation {:f (Re,klĄ for rough pipes. The absolute
roughness, i.e. the height of irregularities obtained therefrom was equal to ł=0.06mm.
Some results of pressure drop measurements obtained durirrg the experiments are shown
in Fig. 3. The męasurements węre made for the saturation temperature of the freon at the
measuring pipe inlet equal to lr:110oC.
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64 M. Trela

3. Experimental values ofthe friction factor R for freon 21

The exPeriment§ were aimed principally at detęrmining -on thę basis of pressure drop
measuręments - the values of the local two-phase friction factor R for freon 2l, and at
comparing tŁęm with values calculated by means of thę 1ę|ą1l9n given in [2].

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

Ap: Ap7*g* /p,* /p1,. (1)

This renders experimental detęrmination of thę friction factor R valuęs difrcult, because
the valuę of tb.e pressure drop component /pp" resulting from friction - which is necessary
for the calculations - can be detennined from (1) onty if the terms lpoand lpl,are known.
The pressure dtop lpo resulting from the momentum change of the medium in two-pbase
flow can be determined, according to [3], from thę formula

Apo:rurM',
where r - factor.

The formula (2) is valid for x:0 at the inlęt of a channel with boiling medium.
Different values of the pressure drop lpo.are obtained from (2), dependipg on the assu-

med form of tlre factor r. 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

D-7-7o:(1-x)+x " -l .
U1

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

(2)

(3)

(| - x)' x' uo,.:Ą:-+- --Ł-1.
l-E Q ut

(4)

The calculated value of the total pressure drop lp is onty slightty affected by ctroice of
the formula for r assumed when calculating lpoin vertical pipes. The ręason is, that for
small mass velocities lpois small compared with lpr* and.Ai2o, For big mass velocities
APo increases and simultaneously the flow beco.mes similar to the homogeneous one.
For these reasons r equal to /fi was assumed in the calculations of this papęI.

The Pressure drop lpoover thę length of any measuring section is, on the basis of (2),
equal to

Ap,r:(rj-rr_r)urŃ', (5)

where j:r, Ir, III, ry, V - measuring sections. Tlre above formula is valid for x>0
at the inlęt of the channęl with boiling medium. §

The hydrostatic pressure drop for two-Phase flow is given by a formula

lrr:|Lpnq+p,(t-dsdL] (6)
0

The dePendence of cp on L should be known for a calculation of lpufrom (6). However,
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void fraction p is usually given as a function of quality r rather than of length Z. In such case
a transformed formula, obtained with the use of relations

65

dLdL: *dx, poq+p,(1-q):i (7)

will be used in thę form

,r,:i rn*o*. (8)
Jo '*

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

oo
It is evident, that void fraction p should be known detęrminę Ap6. Two formulas
were employęd in this paper for calculations of void fraction in freon 21. For xż0.05
calculations were made according to a formula given in [2]

t-,ł:c,(t-a)-' (10)

Factors C ,k and a number Ę determined for freon 21 within a saturation tęmperatufe
Ian$e tp:JQ - I}O"C are given in a Table.

parameter

(9)

K:L(Ł\o-'
po\n l

Có
Ca

r

2t,65

2.07
0.48
0.886
0.858

17.05

1.98
0.50
0.891
0.886

13.58

1.9
0.53
0.897
0.875

10.81

1.8

o.57
0.904
0.885

8.64

1.67
0.6
0.914
0.895

6.9l

1.56
0.645
o.924
0.908

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

@xa: 

-)

' l +x(@-l)
where @ denotęs a parameter expressing pres§ufe influencę. Yalues of @ for water at
different pressure values were given in [4]. The last formulh can be used, on the grounds
of considerations presented in [2], for media other than water, provided the parameter

5 Prace IMP z. eł

(1 1)

Values of parameters Cg, Cę, m, k ald Kfor freon 21 at different temperatures

h*: j;_*j! on o,:Lli' u, a,--'l'łn a*f.
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1.u 10 1a0 11 1000

, Fic, 4. @ versus K

@ will be given as a function of the number K rather than of the pressure value, @ versus
Ę as calculated on the basis of [4] and [2], is shown in Fig. 4. Void fraction p for freon
21 within saturation temperature ran§e 16:8$- 110'C, calculated according to (10) and
(11) as a function of x, is shown in Fig. 5. Thę obtained dependence q:a(x) was emplo-
yed for calculating an integral

(12)

which was used when calculating lpn. Integration was done by means of a Simpson for-
mula

xgi 2k

l y dx:lk(yo+4yl+yr) ( 13)

with ł:0.01 for 0<xś0.05 and ł:0.05 for x)0.05.
Calculated values of the integral (12) afę shown in Fig. 6.

The above presented formulas were used for calculating a contribution of the pressure

x,

lFsa*
o
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nv 1 I l l l l | 1 1 l
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dtops lp,and lprtothe total pressure drop lp whińwas obtained on the basis of me_
asurements from a formula

Ap:hu(p,- pr)g ł prgh,. (14)

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

Aprpri:h,(9,- pr) s * p7 gh,-(r,-r,- ryarMz - ftrT ,n 
'*-"!'Vn 

d*1. (15)

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

R:APr"r,, (16)
Zpą

where lpro - liquid flow friction pressure drop

or,":r,*#,, 07)
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Fig. 5, Void fraction p ver§u§ quality x for freon 21 at different saturątion temperature§
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Fig. 6. Integral t b7drrersus saturation temperature .for fręgn 2l with different qualities

Local friction factor R is a continuou§ and monotonically increasing function of
quality Jr (up to .x=0.8), so that it may be assumed, on account of the męasuring 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 aveTage quality

x; -lx;- 1

'-m ĄL

300

k6
m3

"\p;{, 0/
6$

g!'r45

(18)
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and the average saturation temperature

D

1a.0
9.0

7.0

6.0

5-0

4.0

3.0

2.a

, _ti-tłti.
.)
L

(19)

In the exr;riment under consid;,,!i"r'ł,'ił)_ri,'---* from the *" *'1l;

rr\ mF -/

where i, _ freon entalpy at the męasuring pipe inlet, if - 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 rneasurements of two-phase pressure drop for fteon 21 made in the exPerimental

facility under consideration could be divided into 6 groups having diffęrent avęrage mas§

velocities. Their values were equal to:

Mr:1090 kg/m2s, Ńz:144O kg/m2s, Ńs:2l1,5 kg/m2s,

fuą:2760 kg/m2s, Ńs:345O kgfm2s, fue :4095 kg/m2s.

Mass velocities for individual measurements inside eaclr group differed from the corres-

ponding average values by no more than7\forthe first group and by tftfot the last
one. The values of friction factor R obtained from thę measurements made at freon tem-

M - 1090 kq/m?s

tr: fuO"C

ottes Levu +'
/l,

r;,

y.
/-/

/

V
,/_a

'ź/+
-4

--ż
RM v

0.a2 0.03 0.a 0.05 0.06 0.07 0!8 0n9 0.1 0,2 0.3 0.4 0"5 0.6 0.7 0.8 0.q L0
x

Fig. 7. Calculated and experimental values ofthe friction factor versus qualĘ
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Fig. 8. Calcutated and experimental values ofthe friction factor versus quality

perature fł:100'C are shown in Figs. 7 +12. Calculated values obtained after the formula
derived in [2]

1ą:(1 -x)1,7 '"a(r **)'"* :^* (2t>

are Pfesented in the same figures for comparison. Values of factors Co,ttl expressing
Pressure influence on ł 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 Cr, m and K

t0.0
9.a
8.0

70
6.0

§.0

4.0

&0

0.o2 0.03 a04 0.0-5 0.$ Żo7l]lBORa a2 ffi 0.4 0.5 a6 0.7 0.8

Fig. 9. Calculated and experimental values ofthe friction factor versus quality
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for freon saturation temperatures langing from /":7goC to /":120"C arę givón in the
Table.

From the curves presented it is evident that calculatęd values of thg friction factor
_R3a are sufrciently closę to experimental values, This proves that formula (21) is valid,
as well as formula (10) for calculation of void fraction rp and criteńon 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 measuTements for two-phase mixture, only if the pressure drops lpo and

71
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Fig. 10, Calculated and experimental values of the friction factor versus quality
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Fig. il. Calculated and experimental values of the friction factor vęrsus quality
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M= 4095 kg/n\
t,= 100"c

.k, ,

9'ł -ł
.-- rZ*- l

RM
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X

Fig. 12. Calculated and experimental values of the friction factor versus quality

lpuare determined. These, in turn (and especially /p) can be calculated provided the
void fraction g is known,

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

fi.a
s.0
8.0
7.0

6,0

5.0

4.,0

3.0

2.0L
0.02

/l-x\2

^:(.-rl - Lottes's formula,

(1 -x)1'75R:)----j - - Levy's formu]a.
(l - ę)"

(22)

(23}

The above formulas were formerly employed only to water. Appropriate values of void
fraction p should be usęd to make them adequate for the calculation of friction factors
of other media. For that thę formula (10) was employed in this paper. With the values
of q calculated from (10), friction factor R calculated according to Q2) and (23) is close
to {he measured values. The mass velocity influence on the friction factor was confirmed
by measurements, as it is ęvident from Figs. '7+t2. This influence was not taken into
account in (21) as the formuta (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

Iu|:106 lb/ftzhr that is for ż:1356 kg/m2s.

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 sirpplification in parallel to the _Ę1
line. R is decreasipg when mass velocity increases. For certain value of the mass velocĘ
it becomęs equal to thę calculated values of Rnn. 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
\.er§us mass velocity, namely drawing them parallelly to Ry (dashed lines in Figs. 7+ 12}

allows analytic formulation of the dependence rR(Ą 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. Thęn two straight lines a and ó werę drawn through
experimental points, intepectipg at the mass velocity M:2400 kg/m2s. Onty the a line;
qhosę course is proved by other paper§, was takęn for further analysis leading to analytic
expression on R(M) dependence.

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

R:CM-", (24)

where z - tangent of the angle ą between the straight line a 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/m2s (see Fig. 13)"

Obviously, the point (Ma, Ru) satisfies the straight line equalion Q4) i.e.

Ru:CMłn

Dividing Q4) by Q5) one obtains

(25},

l3

Hence

R / M\-"
_l l

ń-\ń)

R:RM(#)'

(26),

(27}.
/1400\0,25

=*,(u/
This expression is valid for M <2400 kg/m2s, i.e. up to the point of intersection of tlre
lines a and D.

R

10.0

9.0
8.0

7.0

6,0

a b

.§ >-
5.0

4.0

2_0 l ] l

ZOa 300 400 500 1000 2000 3000 4000 5@0 fa[ło/^zr]OM0

Fig. 13. Dependence of the friction factor on mass velocityn for x=0.3 and l.:166o6
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5. Enor in the determination of friction factor R from the mea§urement§

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.

rt 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 ńe maximum error.

Generally thę root-mean-§quafe error of a dependent variable l:f (xt,xz,...,x)
has a form

The formula (1ó) can be transformed into the following form
^,:ł(ź#,o-)'.

h,(p,- pr) g * pp gh.- (r,- ri- 1) a7 M2 - **

(28)

R- (29)

(30)

,hrM2|'dń
wherę

xi rl- 1

W:Ipsdx- I psa*.

It can be rearranged, to thó form 
' 0 o

. _2df h,gpr(p,-pr) , p'rs fi-ti_t Wpr1
^-ĘL --Ęxr- *-ftT- Ę - /*tr')

It is evident that R is a numerical function of variablęs

R:R(ło, h,,M,/x,d,W). (3i)

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

(32)

Errors made at determińing physical properties of freon and mercury have been omitted,
as small, in the above formula. The root-mean-squarę error depends mainly on the errors
of independent variables lx:xt-xt_l anó, M.

The four representative measuręments have been chosen for calculation of the root-
mean-square error. They dętermine the range of variability for lx and M, and, simultane_

-,

lR:

Je *)'-(#,*) laR \*\*o* 
)

-(#^łlaR . \*\mo')
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ously, the lange of variability of the root-mean-square error. Thę four variants of ęrror
calculations were hence obtained:

Variant A, - measuremęnt No. 48
Small valuęs of lx and M

Variant A, - measurement No. 23
Large value of /x, small value of Ił.

Variant B, - measurement No. 46
Small value of lx, large value of M.

Variant Bz - measurement No. 26
Large values of lx and, M.

Separate partial derivatives in (32) are

,l5

aR 2dprg(p,-pr)
ń:--(łW-'
aR 2dr, , h,(p,-po)gpr1
ń: Ę,Lrl'r 

l' i _ t) - ----MT- ]'
aR 4pu f h"(p,- pr)gd Wd1

aM: - W,L Ę łprłd-G 
)

aR .2dppW
ąl*7:łĄffi'

aR 2fh,(p"-po)sp, p?s fi-fi_t Wpr]
. ......'...._:......._l !-_ 

-- 
lad uL h,M' M2 h, n Ń']'

aR 2dp,u:-^o,

(33)

(34)

(35)

(36)

(37)

(38)

The errors of dęteimination of hu, !l,, ŃI, /*, d and, W węre ęithęr calculatęd. or evaluated
(for detailed calculations see [10]). Thęir values arę:

Ahu:g.g63 *, Ah,:g.gg3 *, lM:43.4-51.5 kg/m2s,

/(Ax):g.67. 10-3+36.7. 10-', /d:0.0001 m, AW :0.844.

The above data sęrved for calculating, by męan§
friction factor, together with thę relative error.
the corresponding values of errors are:
Variant A,

af (32), tho root-mean-square error of
For assumed variants of calculations

AR:L395, R:4.92, ARlR:26%.
Yariant A2

AR:t.322, R:72.4, lRlR:10.6%.
Variant B,

AR:O.t52, R:3.34, ARlR:4,55%.
Variant B,

AR:0.339, R:7.3I, AR|R:4.63'I,
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The measurements used for error calculation determińe the range of avelage 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 lx, can be evaluated as equal to about 10 - 15%.

Ó. Comparison of measured pressure fuop values with the calcnlated ones

The pressure drop calculated on the basis of (1), (5), (9), (l8) together with (10), (21)
and, Q7) sęrved 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 męasured values do not differ more than by * 10 percent. Larger differences
exist for §ome measurements from the fourth group of measurements. However, the
mass velocity there, equal to M:2760kg/m2s, is outside the range of ił-values where
the formula (27) is valid.

80'703,

5.fu3

+
o - a= fi90 kg/n?s*M=1440 kg/nzs

-Ń=2/l5 kg/nżs

-ń =2760 
ka/nzs

o

A

+ |07",

7. tI

:ń
,d

./7

.ł,
bp), o[N,

/ń1

5.ń3 104ć ga 4a 5a 60 m 80 g0l00,ć

Fig. 14. Calculated values ofthe pre§§ure drop compared to measured values

In the author'S opinion, the differęnces of about l0 percent can be regarded as per_
missible from practical standpoint. Thus, thę method of calculating the pressure drop
for freon 21 ftom the formulas (10), (21) and QĄ may be regarded as sllfficiently accu-
Tate.

7. Conclusions

ExPerirnental investigations of the boiting pre§sure 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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50

40
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Ix.e§§ure drops. Additional investigations allowed to take account of the.fręon 21, mass

telo..-it_v inffgęlgę, on the friction factor, for mass velocities not exceeding M:24{J/0: kg/m2s

łf,orrnula (27)). For mass velocities larger than M:ZĘOkg/m2s the influence aPPeared

diiferent from the picture given by other authors. The lack of thermodynamic equilibrium

Łł rhe flow, indispensablę for the validity of (21), or tlre influence of heat flux can be the

probable reason of that. For the two-phase water flow, the influęnce of heat fl,ux is not

observed until thę value,of 106 W/m2 is reached; however, this influence may aPPear

sŁ\rner for other media. As to the influence of thermodynamic nonequilibrium on the

fricrion factor R, there is no data up to now. This effect is encountered, as stated in [8],

e_-pecially at high velocities of two-phase flows in vertical pipes. The thermodYnamic

nonequilibrium manifests itself by a vapour temperature increase above the saturation

temperatule at some distance from the pipe inlet.

From thę" 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.

R€ćeived by Editof, september 1971.
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Eksperymentalne rvyniki pomiaru spadku. ciśnienia przy nTzeniu freonu R-21 w rurach
pionowych

s tre § zczęnie

W pracy opisano stanowisko badawcze, na którym przeprowadzone zostały pomiary sPadku

ciśnienia przy wrzeniu freonu 21 w nrrze pionowej. Pomiary te posłużyĘ do wyznaczenia wartoŚCi

doświadczalnych współczynnika tarcia przepfuwu dwufazowego. Poaieważ dla układu pioaowego rur,
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sPadek ciŚnięnia w przepływie dwufazowym określa wzór (1), to dla wyznaczenia spadku ciśnienia
wYnikającego z tarcra /p"r, - który określa współczynnik tarcia R - tależńo przedtem .yq11znacryć
sPadek ciŚlień, lp" otaz /pr. Spadek ciśnienia lpo wyzlaczono za pomocą (3) i (5). Natomiast §padek
ciŚnienia lp1, obtczono z zależnoŚci (9), wykorzystttjąc ptzy tym (10) oraz (11), Po podstawieniu obli_
e.onych wartości lpo oraz lpo do (1) przy wykorzystaniu zmierzonych wartości całkowitego §padku
cŚnienia, otrzymano spadek ciśnienia 1'p7pp (15), a stąd na podstawie (16), doświadczalne wartości
współczynnika tarcia ]R.

WartoŚci te porównano na rysunkach 7 - 1,2 z wartościami obliczeniowymi Rp w oparciu o (21),
uąYskując dobrą zgodnoŚĆ. Wyniki pomiarów pozwoliły następnie na zlaleńeńe wpływu prędkości
masowej na wsPÓłczynnik tarcia R * zalężność (27), Na zakończenięporównano wartości obliczeniowe
spadku ciśnienia w przepływie dwufaąowym :r{llznaczorLę według (l) ptry uzyciu (10), (2l) i (27) (rys. 14)
z wartościami doświadczalnymi, uzyskując rozbieżności nie większe jak + 1,0l.

9rccnepł*lerrraJlbnble pe3yJlbraTbl llccJleAoBalilrfl trepetra,qa AaBJIeH[f
IIpu Ktrtrenlm t[peoua R-21 r BepT[KaJIbHhIx Tpy6ax

Pe3loMe

B Pa6ore ontrcarr 9KcIIePuMeHTaJIbHrrft crer5, Ila KoropoM npoBoAlłJltrcs I{3MepeEE, fiepe[aAa AarB_
JIeEtr trPtr KmeHtrIl (PPeona R-21 r neprmarrrnoź rpy6e. 3tu asueperu,ł cnyxIłJIIł otrpe4eJlepa1o 91c11e-
PIIMeIiTźUIBEbIX suaqerrrŹ ros$l$rnEerrra Tpęgtr gnyx$asxoro TeqeEEf. Tax xax głł reprn<anrxofi
cEcTeMbr tPY6 nePena,q AaBneHIłlI s ,rPyx$aeaov Teseurrł orrpeAeJlreTcf BblpaxenueM (1), nirx oup€Ae-
neHu' IIepeIIaAa .ąaBJIeEur, BbI3BatIIEoro TpeEr€M ./plpp, xoroprń ollpeAen €T xogóótrqre}rt rpe_
ara R, SaPaUee Cne,4YeT OIIPeAeJIIrTb IIeP€traA§I AaBł€HIłE lpou lpl.flepena4 AaBIIe;gI'iJ ,hpo olpeaela-
eTC' IIPE fioMoqtr 3aBEcmUOCTet (3) n (5), a n€pe[ąq AaBJIeE!ł, lp1, rLopclmt:srlBaeTc{ I1o rPopvyłe (9)
c EcIIoJIB3oBaEIłeM 3aBEcllMocreŻ (10) N (l1). Ilocne [oAcTitEoBKE BLIMcJIeHHBrx 3narreuffi /p. u Ap1,
B 3aBqcrłMocTb (l), c rcno.rrsoBanreM 3aMepeIłHBIx 3naseFrńa6comornoro rrepenaAa AaBJreĘn , troJly-
qaeTc' IIePeTTaĄ AaBJIeI{II'I lPrpr (l5), a oTclo,4a Ha ocnoBe 3aBtrcrMocTlł (16) crre,qyror 3KCIIepIłMeIITaJIB_
Irsle 3rłalregu, xos(PÓrqłenra rperłrłx R,

3rn grraqerrrs cPulBHIłBaIoTc' Ha pl{c, 7 =!2 c pac{eTablMtr 3EaIIęHIłIIMI,I Ry, nolryverłrłrryE 113 3aBtr-
canocTff (21). ĄocrmuYTa xoPoma' cxo.qlłMocTb. Pesyrrlrarrr IłaMępeHEft Io3BoJIIlJTIl 3aTeM olrpeAąIuTb
BJMrlllłe MaccoBofi cKoPocTa ua ros(|$rq.nerT TpeHE, R (sauucrłroc* Q7)), B sarmoseplłtr cpaBHuBa-
IoTc.rI pacqęTllble 3Ha{eEIl' nepellaAa AaBIIeEIłrI r ,qeyx(pasrrov TeqeEl,ill, oEpe,EeJIeHIrbIe I{3 3aBEc]lMocTE
(1), a raxxe (10), (2l) u (27) ftlac.14) c sxcnepułteHTąIIbHrIMIł 3HaqeRnrM}T, KoIicTaTBpy, pacxolułI\4ocTE
rre dorrrmyro, rcw +tofi.


