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As part of continuing study of steady state and transient two-phase
pressure drop across abrupt area changes, steady stale pressure losses
across restrictions of varying geometries were determined using Freon-and
Freon vapor. The results obtained are consisteat with one-dimensional
momentum balance theory which indicates that the prediction equation to be
used depends upon whether or not the vena contracta lies within the insert.
Each of these ecuations requires a knowledge of the vqtd fraction at the
iclet, outlet and vena contracta, It was found that, for very short inserts
(Ratio of restriction leng:h, L, to diameter, D, iess than 0.5) pressure
4rops were best predicted assuming slip flow at all locations while long
inserts (L/D >2.5) required the assumption of slip flow at inlet and outlet
and that the void fraction at the vena contracta was at or near the homogeneous
value. For intermediate length inserts, partial mixing at the vena
contracta must be assumed. A chart allowing the prediction of the degree
of mixing et the vena contracta in intermediate length inserts is presented.
The mase flo. rates used in these experiments were all at or above
4 x 105 1bs/hr ftz in the small size pipe or restriction. Caution should

therefore be used in extrapolating these results to very low flow rates.
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1.0 Introduction |
1.1 Background
The work presented in this report i{s part of a continuing study
of steady state and transient two-phase pressure drops across abrupt

area changes. The results of studies of pressure drop across well

separated abrupt expansions and contractions during steady atate were

preseanted in report C00-2152~15. Data obtained across well separated

e i i, -

expansions and contractions during oscillatory flov have been presented
in report C00-2152-18.(1)

As a result of the previous stu'ies, two-phase pressure drop across
well separated area changes is believed to be fairly well understood for
small scale systems. However, the previous data in the literature indicated
that when an abrupt expansion and contraction were in close proximity
(i.e~at a flow restriction) then behavior was somewhat different than for
wvell separated area changes. Howsver, the results reported in the literature
were not entirely consistent. Further, the data available were insufficient
to ‘»turmine when the behavior changed from that of a well separated area
change %4 that of a thin (short L/D) restriction.

1.2 Cbiectives of Present Tests

The purpose of this reported research was to provide a coherent view
of two-phase pressure drop across area changes and restrictions during
steady state flow.

The specific objectives of the present test program were to!:

a) Deterazine the limits for the application cf the previously established
one~dimensicnal momentum balance equations as the abrupt expansion and

contraction are moved together.
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b) Datermine au appropriate model for dascription of the cwo-phase
pressure drop behavior of short restrictions where the slrupt expansion
end coutraction were in very close proximity.

¢) Determine an appropriate model for use im describing the transition
from a well separated uxpansion-contraction behavior to that applicable

vwen the expansion and contraction are in close proximity (ehort

restrictions).

AT
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2.1 General Analysis Proceduree
The previous analysis of the behavior of abrupt area changes

was bade with the assumption that cne-dimensional momentum theory is
justified. For this to be the case, the mowentus balance must be made
across planes which are sufficiently distrit from (he are~ change 80
that a one dimensional flow patternm may be assumed. The analysis hus
also assumed that the liquid and vapor velocities may be represenced by
single values at the planes across wlich the mcment = balance is wrirten.
Further, it has been assumed that the pressure is essentially uniform
across the pipe at these locations.

With these general asgsumptions, the equation- describing the pressure
drop acroes abrupt aiea changes can be written in terms of the total mass
flow, qualiiy and void fraction. If the assumptions may be considerey as
reasonable, the major difficulty ressining is that of determining the
appropriate relationship between quality and void a: the various locations
appearing in the momentum balance.

2.2 Abrupt Expansions

Aa abrupt expansion, well separated from other are: changes, is shown
schematically in Fig. la. The momentum balance is taken across planes
1 aad 2. In single phase flow, the inference is made that the upstrean

presiure, acts on the pipe wall at pesition "0", By use of this assumption,
(3}

together with those delineated in the previous section, Lottes teports
that Romie obt<ined
G2 c’j o 9
T 1 2 _1__ _X_ . i 1 - l ' S
b "3 ‘ ([3— v Rl 1+ Yi-a)® | o(l=gy) (1":)))5 ()
17e 4 . ¢ _}

e e e . . e e . SE———— ot 10 — ——————l
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Fig. 1a Abrupt Expansion Schematic
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where Ap‘ = pressure rise between locations 1 and 2 assuming pipe friction

& is negligible
'Zf n‘ol = gas and iiquid densities, respectively
c? =~ total mass velocity based on area of smeller vipe (lbs/hr f:z

x = quality (1b vrror/lb toval fluid flowing)
o = area ratio
3) a; = void fraction at locations 1 and 2 (see Fig 1)

Jta.-.:(Z) made a similar analysis and arrived at the same conclusion,

(1)

Previous siudies at the University of Cinecinnati carefully examined

s tae experimental steam-water data of chdlurf‘) Ferrell and Hcccc(s).

2 Janssen and lnrvtncn(s) and Fttzlinlonn(7). When it was assumed that che
flow was homogenous upstream and downsiream o the expansion, the

predicted pressure drops were higher than those observed for most cases

11: (see Fig. 2) When slip, flow was assumed, reasonable agreement between
prediction and observations were cbtained (see Tig. 3). The values of
a; and o, were estimated by use of Hushnarki(a) relationship beLween
x and a;. This correlatior was chosen since ‘¢ includes a velocity effect
& which leads to slip ratios approaching one 1t high fluid velocities.
This is in accord with the visual cbservation chat the flow tends toward
j‘ homogeneous flow as velocity is increased. t also agrees with the
observation that pressure drops prcdxc'cd(9) by the homogeneous model
Ff epproach those observed as the velocity is increased.
r? Husain, Choe, and Hcisnan( ” conducted a rtatistical analysis of the

(10)

available expansion data. Foll-wing Dukler et al , they cefined the

average fractional deviation, d, as

o gy s oy o W————
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vhere ‘i - (P‘ - lli)/ll1
P‘ = predicted value for ‘th data points
“i = measured value for 1th data point
n = pusber of data points

An estimate, 8(d), of the ctandard deviation of 4 is then given by

P— ———

2
e} 2
i@ = '/-t-,-\L A &)

As shown in Table 1, Husain et al divided the available data into sass
velocity ranges and dectermined d and s(d) for each range. It is clear
that as the mazs velocity, G, approaches 2 x 106 1bs/hr f:z (the value
at which Husain et al. conclude the transition to homogeneous {low tc occur)

the homogeneous model predicions approach obsirvations .

Statistical Comparison of Abrupt Expansion Data

Homogeneous Model Slip Flow

4 s(d) d s(d)

G* < .5 x 10: 0.60 94 -0.02 .64
e S 1 106 0.4% .82 ~0.03 .54
8 1% 106 0.05 11 -0.,08 .09
¢ 22210 0.1 06 -0 00 .08
all G 0.42 T7 ~0.04 .49

*C Lased on nass velocity in larpcwr ipe in above talle.
Although ) appears to increese slightly for 6 _2 x 1(“. b .sain
et al. concluded that the change vas more aoparen. thaa real. Becauvr?
~f the small number of pointe »ith G 22 x 106. the difference in T is

within the variqbility to be expected if the true universe means ware the

same 40 the 2 higheut velocity ranges.
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Fig. 2 Comparieon of Pressure Rise Measured Across an Expansion With
Pressure Rise Predicted by Using All Homogeneous Model.

o —— o ——. 1 it &

TTTI rTTTM

Gives + 95% Confide for correlation
endler's Data
FPerrell & McGee's [
Janssen & Kervine:'
Fitasimnon's Data

I ERLL

B
L il

1

aPg Expected; PSF

/
| A L 11111
10

b?: Measured; PSF

o




e

e ———— ————- - —— - A———————— — - e —— .

8
!
Fig. 3 Comparison of Pressure Rise Measured Across . Expansion With ‘
Pressure Rise Predicted by Using All Slip Model.
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2.3 Abrupt Coutractions

Janssca(Z) applied a one-dimensional force momentum flux balance

to two-phase flow acrss an abrupt cuntraction well separated from any

other area

indicated previously, Janssen s sumed, just as generally done for single phase

flow, that

ctange (see Fig., 1b). In addition to those assumptions

pressure P3 (7Fig. 1b) acts over the f~'1 area of the small

pipe and that there are no frictional losses between sections 1 and 3.

inder -~ndition. where the pressure lres is small and x may be taken a3

a romstant he obtained for ‘PE' the pressure drop across the contractiom,
that
... [ L2142 3 (g = & ) + C-m? (15))
LP. " 3% 0, ' 92p 4 T a 1
" | B 3 4
1 1 e B i ki o el
e Ty " 5 % Cuay 50 T O eyt a=p
bt (=t g - L)+ Qex)? (-6, (priye )] )
g 2 0% a ;;7 2"%%(1-a,)% (1~a,)*

where 31 -

c

¢

3
Q102030 =
al

42

On the bas
81,8 and

However,

total zass velocity at Section 1 ‘Tig. 1b) lbs/hr ftz

vena contracta area ratio

chanoel area ratio (area small pipe/area large pipe)
mixture quality

void fraction at sections 1,2,3 and 4, respectively
(ag + a3"/2

(’ll L4 u..)/Z

(2 soggested that

is of Lis own steam-water data, Janssen
a, be cstimated by ausuming slip f1-« at these locations.

he suggested that a-, the vuid fraction at the vena contracta,

e ——— | T P A . S G N PO B BT T A
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be obtained by assuming homogeneous flow at this location. This agreed
with Janssens' observation of strong mixing act. -~ at the vena contracta.

In the previous University of Cincinnati work, two-phase pressure

drops acrose abrupt contractions were experimentally measured using Freon 113

as the working fluid. Confractions having area rutios (0) of 0,25 and
0.56 wvere examined. The test section with ¢ = 0.55 was transparent
and hence allowed visual cbservation. These observations also irdicated
strong mixing at the vena contracta.

A comparison was made of the University of Cincinnati Freon data
and the steam-water data of Jcnlncn(Z) Gci:cr(ll) and Fitzlilnont(7)
with predictions cbtained from Equation (4) using o based on single phase
data and various means for estimating void fractioms. It was finally
concluded that ay,s, and a, should be estimated assuming slip flow at

(8

these locations. Again Hughmarks' correlation ) was used to obtairn
the relationship between o snd x. The value of o, (a at the vena

contracta was obtained from

®3 " ®howogeneous , for a < 0.5
(5)
83 %11p *Mpomogeneous ~ Ssigph for e 203
where A=1.5 = 8,
® 14 e yalue of a which be computed for vena contracta size pipe
P 4{n absence of contraction, from correlation of Hughmark
“hvmo;cncoul « vold fraction based on slip ratio of 1.0

Fig. 4 shows the comparison of this model with the available experimental

data.
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veiger noted that his contraction pressure drop data could be
reasonably correlated by assuming homogeneous flow-evervwhere. It ig
saer. in Fig. 5 that this approach provides nearly as good a correlation
as that shown in Fig. 4. However, this procedurs can only be regarded
as a convenieut approximation sirca it requires use with the Freon data
of void fractions at locations 1 and 4 whicl, weare appreciably higher
than those actually observed.

2.4 Well Separated Expansion - Contraction Combinations

The total pressure drop A’L’ across an expansion and contraction
(not including pipe friction) which are separated by zn appreciable

distance should ve obtainad '~ simple summation of the pressure changes.

Thus:

APL - APc - AP‘ (6;
wvhere &PE and &P‘ are obtained from Equations (1) and (5) respectively
using the previously suggested methods for evaluation of void fraction.

The summation ylelds

op, = -21-‘-: [ %ﬂ%; o .c2:2 . %2“) + 1-0%01-3y)

¢ c’%lT.;)z ! < 5 ":'; x? ‘E‘:l;; : %-. “3 %’

i (1"“1(5('?}&? . '("'-1-&:7 - T (10—:6)” ’:‘:’ e,
=~ gy, + G0 -*.)2(1-?.9(;;2{-::)2 . -(-T-_i—;gn )

w seas
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where G = total mass velocity in large size pipe, 1b/hr ftz

¢ = vena contracta area ratio

oy void fraction at 1zh section
a, = (¢3+u“)/z “2 - (cl4u“)2

and section 1 is upstream of the contraction, section, section 3 is at

the vena contracta, section 4 downstream of the contraction, sectiom 5 is
upstream of the expansion and recticn 6 i downstream of the expansion.
The notation does not become more compact by use cf this summation since,
for the geperal care, it is not known whecher the expansion or contraction
is upstream and no general rule for equalir” of a's can be assumed.

Fig. 6 compares the praviously obtained U.C. data and those of
Janulcn(z) to total pressure lcss predictions obtained from equation (7)
using equation 5 for estimatiom of :3 and vs.ug Hughmark's corrcl;tion(lj)
for a elsewhere. It is seen that reasonable agreement is obtained.
This serves to validate the approachs used to cbtain the component
pressure changes.

In view of the cumbersome nature of Equation (7), some simplification
{s desirable. This is acco=plished by making use of the fact that the
homogeneous model provides a reasonable approximation of the contraction
pressure drop (seePig., 5). When this approximation is used we have

62 o G N ) T S 2
9,2 S, G T Mg ey

¢
o

1 1

a?( -
3(l'°1) (1-02)

L - L) - era-n’c N ®

-
-

where al = void fracticn upstrean of expazsion

“2 = void fraction dowrstream of expansion
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3.0 State of Art at Outset of Preseat Program
3.1 Well Separated Abrupt Area Changes

At the outset of the vurrest program two-phase pressure drop across
well separated abrupt area ch ' ges appeared to be rairly well understood.
The one-dimensiovnal momentum balance approach, coupled with appropriate
estimation of G, leads to good predictiov. of available deta. Predictions
appear to be valid in both freon snd steas-water systens with pressure
ranging from 30 to 70 pesia for Freun systems and from 55 to 1200 psia for
water systems. Void “ractious exasined vent from zero te over 902. The
mass velocity ramge over which test data ir available ia limited to the

6 1b/hr ftz (based on small size pipe).

range from G = 4 x 10° to G = 2.5 £ 10
A major question which remaized unansvered was the determination
of the conditions under which wvell sepa~ited be:avior no longer applied.
3.2 Restrictions
When the restriction is of appreciable length, the abrupt area
changes are vell separated. Tae total pressure dro;; may then be obtained
froz "quation (7) psoviding vaporization is negligible. However,
some :conomy of notation is possible since the outlet uf the contraction

is the inlet to the expansion. If we refer to the positions indicated

in Fig. 7 we obtain

6% 1P .- 1 g
B e— { -
8 " Bm, G, Ty ) C awtasy
3 N
’ )
[ R WSS U W SIS NN SR
c<(1 03) (1'0..) o D‘ ch3 a s, '°5)
+ (1ox)2 1 1 g o? e -
(1-x) (C(l-c3) 4 ) + 1_’0——"‘ *(—'—l-:xs))} +=2x?g (--—o}a
8

- 1 ‘2 - = {
;7) + (1-x) (.-cz)_

1 . o o T
1‘(1“3“}“' (1'0,)"‘ (9)

NP

" v — - - e
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Figure 7

(b) Short Insert
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Jauun(z) obtained the same result by & slightly differeat approach.
By subtracting the Lernouli pressure change, he determined that, basisd
on a one~dimensional momentum, balance, the irreversible loss across

the expansion is given by

c v

72 - 2 .
o Wb —-},'-.o I8t 3 (-}.? - & s amtasy)

2 v
o apuill -
e - W e G RG- )

+ Q02 (G - 7)) (10)

Similiarly, the contraction loss is given by

clzv

v
> bikal wd B
o T B

* (o3 2tiet Yo oo B Vitnla 1

- %b) . (1-:)2(;" - T-C-';:’“ (1)
where
8" (a,+a,)/2
and ;cx - (aah“)lz

Summation of Equations (10) and (11) yields Equation (%)
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When very short inserts (orifices) are considered, a revised
momentum balance is required since the vena contracta is outside the
insert. (See Figure 7b) Based on a one dimensional momentum balances

(2)

Janssen proposed that the pressure loss be obtained from

G, 2v v
SHOPT . _ 1 1 1 g2 ol gt
o, Cnsper) = 70" o7 (3: =8 528t

R PR 202
+(1-x) (1-0,)((1‘°3)2 T-3, }

v
- 200 (B 1_gt LapSa ol
20t ('x x2( g °5> + (1-x) (1_cs 1"5),] (12)

where ;3 ” (o,*cs)/z and the a's are void fraction locations as shown in
Figure 1b.

The behavior of a very short insert is essentfally that of an orifice
and hence those models proposed for use with an orifice may be considered.
Use of a simple homogeneous model is found to appreciably overestimate the
pressure dtop(IZ).

Murdock(lj) arrived at a relatively simple expression making the
assumptionsof Inzompressible flow, negligible upstream momentum, no phase
change, no int:rfacial shear forces and & constant across orifice . He
obtained for the vatio of the two-phase pressure drop, (APTP)' to the

pressure drop which would be obtained with the 5 3 phase alone (AP' ), was

given by

F =1+ (o Q%)
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" where Arl “ pressure drop obtained with 1iquid phase flowing alone
Hurdock(n) found that his low quality steam water data were sCnevhat

bettar correlated by a slightly modified equation

g 0.5 Z 0.5
¥
TP, 0.5 £.0.5
v ® 1+ (1.26) G (14)
g 1
(14)

Collier reports that Caisholm foll.wed an approach similar to

that of Hutdock‘la) but allowed for interfacial she~r. He obtained an

expression of the form

4P "
(——_

AP

P AP ap
Ie1ekimgh o+ (=h (15)
8 1 1
Chishelm and l‘iihﬂlw(ls) suggest that k is a function of reduced pressure,
'r' Below a pressure of 150 bar, that suggest for steam-water mixtures
1

k'2+°z-

where Z= 0,19 +0.92 Pr

The correlation approaches of Chisholm and Murdock have the
disadvantage of being inconsistent with the approach which has been
successful in handling well separated expansions and contractions. On
the other hand, the approach suggested by Jannccn(Z) which can allow for

variation in a across the restriction, is consistent with the method

found useful previously.

e

s e —————
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It should be 2oted tiat the pressure loss across a short insert is
considerably higher than that for a long insert ({gnoring pipe friction)
cf the same 0. This may be easily seen by considering single-phase
behaviour. 7The single-phase pressure loss for a loug insert is given

by

LONG G.2
Ap ( ) = - T |
R INSERT 30" H‘c"l" 12040243, = & + 1] as)

The single phase pressure loss across a short insert, obcained from
Eq. 12 by setting x and ¢ at zero, is given by

gmorT , _ %12 1. . 202
8p, (rnsemr’1e 23?916'2‘1 20C+o%c?) arn

It is found that 1if Equation 16 {s subtracted from Equation )7 then

4 (rnsere) = %L (nseme C !

SHORT LONG ¢ 2 2(1-¢) (1=0)
( ) = 2 { 1 (18)
23c°1°

In addition to the previously noted exyurimental work of Jmes(lz)

and Hurdock.(n) two-phase pressure losses across orifices and short inserts

(16) and Cermatk et .1(17)

have been studied experimentally by Hoopes
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Hoopes (16) {nvestigated two phuse losses through orifices in 1957

and determined that the best correlation between theory and experimental
data wau obtained when slip flow was assumed everywhere, including at
the vena contracta. In 1966, Jnntncn(z) obtained similar resulcs for
very short inserts.

a”n
An iavestigation of short inserts was also made in 1964 by Cermak

et al. Their data did not agree with that of Jnnslcn(z) or Hoopca(163
but Cermak et 51(') obtained their pressure drop readings at locations
where complete recovery from the expansion had not yet occured. Therefore,
their pressure drops may be expected to be larger than would be observed
1f thev obtained their readings after complete recovery had occured.

The data of Hoopcn(IG) and Janlocn(z) indicate that short imsert behavior
differs from long insert behavior in that little mixing occurs at the vena
contracta in the short insert. However, none of the previous conditions

address the question of when an insert may be considercd long or short.

Further, some sort of transition region may be expected and the behavior

in this region had not been examined.
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4.0 Test Program
4.1 QOverall Plan

As the data available at the outset of the study indicated that
the two phase press:re loss behavior of long and short inserts differed,
a further investigation appeared warranted. The present study was
designed to confirm these earlier observations and to explore the region
vhere the change in behavior occurs.

Since a nirculaein; Freon loop was available, the fluid useu in
these tests was Freon 113 (molecular wt = 187.39, boiling point at
atmospheric pressure = 117,.5°F). Because of the low boiling temperature
and the low heat of vaporization (59.5 BTU/lbm at 2 atm.) it was
possible to test with a variety of pressure and flow ratee while the
heat addition requirements remained relatively low. Because Freon 113
has a high molecular weight, the Freon vapor densities were of the
same order of magnitude as the steam in some nuclear reactor systems,
All parameters cannot be simmulated and the ratio gl/og is higher in the

Freon system than for steam-water.

Six test sections were examined in the loop using circulating Freon.

These test sections spanned the region where the transition from long
insert to short insert behavior accurred. 17 was then possible to
determine the modifications to the ore dimensional momentum balance
model needed to predict the observed behavior.

4,2 Test Apparatus and Procedures

The boiling Freon loop used in the presant tests is tne same

apparatus used by Husain and Heitman(l) in their tests of well separated

expansions and contractions.
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The loop used is shown schematically in Fig. 8. The aain loon
piping is 1%” schedule 40 carbon steel. The liquid Freon is circulated
by a 30 gpe centrifugal pump provided with a specially balinced seal
to prevent Freon leakage. Om leaving the pump liquid flows to a specially

bored pipe section containing an orifice for flow measurement. (See

Appendix for flow calculation details)

Freon vapor is generated in two vertical sections by means of
electric immersion heaters (30 kw capacity). The two phase mixture chen
flows through the test section which contained some glass piplng. A
flexible hose at the end of the test section accommodates differential
expansion.

The two-phase mixture leaving the test section proceeds to a
water cooled condenser. The condensate retuins c¢o the pump inlet and i
recirculated.

Pressure on the system is maintained by means of a large
bladder type accumulator. The rubber diaphragn in the accumulator
prevents contact between the Freon and the nitrogen used to maintain
gas overpressure.

Test section pressure drops are weasured by a mulci range (0-10
to 0-168 in,water) bellows type differecrial pressure cell (Honeywell
Model 29). Cooling jackets supplied with tap water assure that tae lines
to the differential 'ressure cell contain only liquid. Cooling jackets
are also providi? on the lines leading to the differential pressure cell

measuring pressure drop across the orifice in the maia liquid flow.
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Two void meters we e used during the tests. The downstream
was ug ! primarily to determine if vaporizatiom was occuring across
the tes: sections during the tests. If ‘aporization was occuring, then
the pressure drop readings wera cor.=cted for the resulting acceleration

losses incurred. The void sensors have been described in reference (1).
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4.3 Test Prograa

§ix restrictions were tested in this investigationm. Dimensions
of the test inserts are given in Table 2a and 25 Each insert was t:isted
over the range of pressures and mass flow rates icdicated in Table 3.
Glass pipe was immediately upstream and down stream of the horizontal
test section to permit visual observation of flor patterns to and from
the restriction.

Jnnlu.n'c(Z) previous study had indicared that . one-half inch
long test section iu a % inch long channel behaved as 2 long insert
while a .1 inch long insert in the same cliannel produced results like
these of a thin orifice plate. It was decided to have a test section

similar to each of these Janssen 1nnctt.(z)

(§-2 & 5-1 respectively) so
as to verify these results. These arc the tesi sections indicated by
T8-1 and TE-3 in Table 2a. Two test sections of the same length but
with different restriction diameters were then needed to determine the
effect of restriction diameter on the results. The lengths of the
sections were chosen so as to be in the cransition region. These are
sections TS~2 and TS-6 in Tgbla 2a.

In the interest of generality, the behavior effect of multi-hole
restrictions was investigated. Two inserts, having area ratios within
the renge examined with single~hole inserrs, were chosen. Both inserts
contained 4 holes of equal diameter. Ome insert was approximately the
same length as the single hole thick orifice (T8-3), while the second
was approximately the same length as the two single~hole restvictions in
the transition region (T5-2 & TS~6). These are indicated as TS-4 & TS-5
{in Table 1b. The 4 holes in these restrictions were placed on 3 47/15"

pitch and were equidistant from the center of the large pipec.




TABLE . (a)
TSCRIPTION OF SINGLE- JOLE TEST SECTIONS

INSERY MATL. d D L ¥LOW AREA RATIO
2o, INCYES . INCHES  _ INCHES g
T6-1 GLASS . 761 991 2.0 . 590
T8~2 TEFLON . 764 991 .505 .595
T8~3 STL. i g e 591 215 615
TS=6 STL. 495 .991 .520 . 249
TABLE 2 (b)

DISCRIPTION OF MULTITHOLE TES1 SECTIONS
INSERT MATL. NO. OF d* D L FLOW AREA
. orss  INGHES  INCHES __ INCHES . DATIO. .2
TS~4 STL “ .352 991 . 189 .505
T8-5 STL 4 .362 .9%91 617 534

%4 for multi-hole inserts is the diaseter of a single hole

A i B S I < i S s W . el
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The test conditions used are summarize' in Table 3. The details

of the experimental procedure used are provided in the appendix.

4.4 Experimental Results

Examination of the void fraction wmeasurement indicated good agreement

between the inlet and cutlet void fraction readings at the lower flow rates.

At flow rates above apnroximately 2.5 » 106 1bm/hr !tz within the restric-

tion, a higher outlet void fraction was noted resulting in an acceleration

pressure drop. The effect increased with increasicg void fraction. When

the flow was less than 3 x 106 1bm/hr ftz and the average void fractioen

was about 50%, cne difference between the irlet and outlet readings were
within 3% of the average value. If the void fraction was less than 30Z,

no significant difference was found between the inlet and outlust void

6

fraction. When the iiow rate through the restriction was 4.6 x 10° lbm/hr

f:z. it was rfound that :he difference between the inlet and outlet void

fraction was over 20% when the average void fraction was only 35Z. This

was considered excessive and therefore no data at mass velocities above

3 x 106 lbm/hr ftz (based on the restriction flow area) was used for

evaluation of test section performance.

The acceleration losses were calculated im the standard manner (18)

6 dmge 2 0 i
b g U T, 1tE T i 1T % (9)

where o,, 3 = inlet and exit veid fractions, respectively

x = inlet and exit qualiries, respectively
(Calculated from measured o using Hughmark's correlation)

X4
It is seen from the tables in .\ppendix B that the acceleration pressure
loss is generally a small percentage ( 10%) of the total loss. A sample

caleulation is found in Appendix B.
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TABLE 3
DISCRIPTION OF TEST CONDITIONS

INSERT RANGE OF RANGE OF MASS FLOW RATES
NO. PRESSURES RE-7RICTION LARGE PIPE
PSIC 1bm/hr ¥e? 1bm/hr £t
15-1 23-60 2.0x10%-2. 8x10° 1.2x10% 1. 6x10°
152 40-60 1.9x10%-2. 4x10° 1.2x10%-1.4x10°
15-3 25-60 1.9x10%-2. 7x10® 1.2x10%-1.6x10°
T5-4 25-60 2.3x10%-2.8x10° 1.2x10%-1.4210°
(8-3 25-60 2.2x10%-2. 7x10° 1.2x10%-1.4x10%
56 25-60 2.1x10%-4. 6x10° ,5x10%1 1x10%
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The measured pressure drop {n~luded the frictional losses in
the pipe and test section between the upstream and downstream taps as
well as the loss due to the restric ion itself. The frictional loss

{s subtracted from the observed loss to obtain the loss due to the area

change. In obtaining the pipe ¢ricticon. the lcroczy(17) correlation
vas used for the estimation nf the two-phase friction multiplier.

A third correction to the measured pressu e drop was necessary

at some of the void fractious. Based on chdlcr's(‘)

data for pressure
drop across an abrupt expansion it appears that, at high void fractions,
the downstream pressure tap (12 inches from the expansion) is located
before full pressure recovery from the expansion occurs. Hnndlct'l(‘)
data for Ap versus distance from the expansion were obtained with a

1 inch diameter pipe. Since the test sections used in this investigation
were placed in a one inch pipe, the fractica of the pressure drop which
remained unrecovered at the tap location was basad on Hendlcr'o(‘) data.
Figure 9 shows the correction curve used and Appendix E details the
technique used to arrive at this cuive.

The esperimental data and the corrections for various effects
are given in the tables in Appendix C. A sample calculation is also
provided in Appendix B.

The corrected ratic of the two-phase to the single phase pressure
loss across the area change is plotted versus the average of the inlet
and outlet void fraction (c) in Figures 10-15. The vertical and horizontal
lires thru the data indicate th: estimated error range (2¢). The error

analycis is given in Appendix D.
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The lowest of the two solid lines in Figures 10-15 is the pressure
Joss ratio predicted assuming slip flow evarywhere. The upper solid line
is the predicted pressure loss ratio assuming slip flow everywhere except
at the vena contractz where homogeneous flow is assumed. These lines
are the upper and lower limits of the pressure loss ratio and are discussed
in detail in Section 3.1 of this report. The dashed linc which appears

in Figures 11, 14, and 15 is a visual estimatior of the mean line through
the experimental data.

From Figures 10-15, it is seen that, though a range of
prossures and flows were used for each test section, the data for any
coe test section produced a trend that was independent of the
pressure and the flow rate through the restriction. For example in

3
Pigure 1%, the path of the data at 25 ?SIC and 2.1x10° 1bu/hr ¢ 1s

»
the same path for the data at 60 PSIC and 2.9x10° lba/nr fe°.
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5.0 Analysis of Results

5.1 Comparison of Results with Previous Correlations

1t has been previously obsurved that the pressure loes equation
vhich should be used (Equation 8 or 11) for prediction of two-phase
pressure drop acrose a restriction depends or whether the vena contracta
occurs within or without the restriction. The ASME Fluid Hotorl‘zo)
estimate of the position of the vena contracta downstreanm of an orifice
was used for this determinatiou (see Fig. 16). For a given restriction
diameter to large pipe dlameter ratio, the mean line of Fig. 16 was
used to decide whether the long ivsert equation (Eq. 8) or the short
insert Equation(12) should be used.

The applicability of the model chosen to the particular insert was
confirmed by examination of the single phase data. These data were Jused
to compute C the value of the vena contracta area ratio (by use of
Bq. 13 or 14). 1In all cases reasonable value of C (6 < C £ . 75) wcro‘
obtained. When the incorrect momentum belance is used values of C
outside of the expecied range are cbtained. Furthe: details of @ 18
‘computation, including the values of © obtained, are given in the
Appendix.

The single-phase behavior sections TS-3, TS-4 and TS-6 was found
to be described by the short insert momentum balance equation. These
data were then compared to equation (12) making two distinct assumptions;
viz:

a) The void fractions a, at all locations is equal to the measured
value and that quality, x, is related to a by Hughmark's (8) slip flow

correlation

— e gy T Beea
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where K 18 a function of Z and Z = (lc)us(?r)u'(l-a)- /4
or

b) The upstream and downstream void fractions are the measured
values and x is obtained as in (a). The void fraction at the vena
contracta is assured to be that for homogeneous flow and is obtained

for X Tun

% "x+ (1-::(9 /e ,) i
g 1

The results of these comparisons are seen in Figs 10, 11, and 12.

While TS-3 and TS-4 follow the curve calculated from assuintion (a),

TS-6 shows higher pressure drops over a wide range of void fractions.
The single-phase behavior of TS-1, TS-2 and TS-35 were described

by the long insert pressure drop equation. The data obtained from

T5-1 were compared to Equation (8) using the assumption of both (a) and

(b) given above. A slightly different procedure was used for TS-2 and

T5-5 which had short insert jengthe (.5054n and .99 in respectively).

Here, one comparison was based on the assumption of set (a) but

acsumption set (b) was modified. In view of the short length of these

restrictions it seems unreasonable to assune complete mixing at the

vena contracta and reversion to slip flow just upstrean of the expansion

From the mean line of Fig. 16 it may be seen that the vena contracta

occurs about 0.4 in downstream of the restriction inlet.

e ——— o —————.
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Herce only " 0.1 inch remains before the expansion occurs. For this
reason, when mixing at the vena contracta of TS-2 and TS~5 was assumed,
the void fraction jnst upstream of the expamsion vas taken to be identical
to that &t the vena contracta. Visual observations made with these test
sections appeared to confirm these assumptioms.

Examination of the experimental results for test sections 1, 2 and 5,
(plotted in Fig. 13-15) shows theu to be clearly different than these
for test sections classified as short insert. The observed pressure
drops for the short inserts clustered about the curves . btrined assuming
all a equal °ili§h‘ long insert data, on the other hand, ten? to cluster
around the curve obtained taking o = °hom; at the vena contracta.
However, both TS-2 and TS-5 show somewhat Jower velues than predicted
by the curve at the higher void fractions.

5.2 Mixig; Factor Determination

In the foregoing, section, it was observed that the test results
tended to be somewhere between the predictions for all slip flow and
there for full mixing, 2t the vesa contracta. This suggests that the
nixiisafnctor cencept , used for high void data in an abrupt contractionm,
(see Equation 5) could be expanded. 1f ve assume that the difference
in observed behavior is due to variations in the degree of mixing at
the vena contracta, then, following Equation 5, we may write,

) (19)

3 " A(a'ho:ogeneeus 'qslip

allip

where A is a mixinrg factor which depends on void fraction and test
gection ¢e v, The validity of this zpproach was confirmed by visual
observa . of the short inserts. Both 75-3 and TS~4 showed very little

nixing at the insert outlet.

- S i e R
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The mixing behavior of two of the short incerts is shown in the
photographs of Fig. 17. Figures 17a, b, snd c are of test section TS-3
while Fig. 17d and e are TS=6. We note that Figs 17s and ¢ show that
che flow is not mixed at the test section outlet. This cbservation is
in accord with the pressure drop cbservations which agree with
the assumption of no mixing at the vena contracta.

The photographs of TS-¢ at low @, shown ip Fig. 17d.and e shov a
different behavior. Here rather coaplete mixing is seen at the outlet.
This again is in accord with the pressure drop observations which, at
low voids, are in agreement with the pressure drop calculated by assum-
ing vena contracta mixing.

In view of the foregoing, values of the mixing factor, A, were
determined for each of the iuserts studied. In making these calculations,
the assumptions outlined in the previous section were used. Thus, the
short insert romentum balance model was used for test sections 3, &
and 6. The long insert momantum balance was ur-d for test sections
1, 2 and 3. As previously, the void fr ction at the vena contracta and
exit were taken to be the same in test sections 2 and 5.

Values of the rixing factor were determined by & trial and error
procedure. The value of a, was varied until the predictions agreed
with the mean of line through the data at a given a. The corresponding
value of A was then obtained from Equation (18).

The mixing factors obtained for the various inserts examined
are shown in Tables 4a and 4b. The single hole insert that behaves
as a long insert (T$-2) is seen to have mizing factors that start at
unity and become smaller as the void fraction increases. The two single

hole inserts, whose losses are predicted by the short insert equation
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Pigure 17 (cont.)
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(T8~3 and T8-6), indicate, as previously noted, that for very short
inserts no mixing at the ..na contracta cccurs, while for longer
restrictions some mixing is ‘ound. In the latter case, the mixing
decreases rapidly with increasing void fraction

The cata for the two 4-hiole restrictions in Table 4b are found
+0 be consictent with the single hole restriction data. For the short
restriction, where the vena contracta occurs outside the restriction
(TS~4), no mixing at the vena contracta occurs. This is consistant
with the data for the very short single hole restriction. For the long
4-hole restriction (TS5~5), where the vena contracta occurs within the
restriction, it was found that the mixing at the vena contracta was
complete, except at the higher void fractions. At the high void
fractien values, the mixing tends to decrease ar a rather slow rate.
This otservation is consistant with the single hole restrictions where
the vena contracta occurs within the restriction.

5.3 Correlation of Mixing Factuce

The variation of tne mixing factors shown in Table 4 indicate that
these are both void fraction and geometry effects. Several pussibilities
have been considered as the appropriate geometric variables - One such
possibility is the distance between the upstream (contraction) face and the
vena contracta. However, inspection of Table 4 clearly shows that test
sections having similar values for this parameter have different
mixing factors.

The length of the insert alone {s not an adequate correlating
variable since test sections with very nearly the save length (€ ¢ . TS-2
and TS-6) show decidedly different mixing., Mixing appears to increase

with restriction length and to decrease with restriction diameter.
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' TASLE 4 (a) ;
. MIXING FACTORS FOR SINGLE HOLE RESTRICTIONS }
i
INSERT voID MIXING LENGTH OF LEKCTH - % "WTRACTION :
NO. FRACTION FACTOR INSERT FACZ 1 TO VENA i
b INCHES CONTRACTA INCHES :
73-1 &50 1.00 200 ~a 37 g
TS-2 0-20 1.00 .505 ~, 37 l
50 .60 !
60 .40 !
{
75-3 0-60 .00 .215 ~, 37 |
15-6 20 .90 .520 ~, 65

30 .65

40 .45

50 17

> 60 .00

TABLE 4 (b)

MIXING FACTORS FOR MULTI-HOLE RESTRICTIONS

INSERT voID MIXING LENCTH LENGTH. CONTRACTION NO. OF
NO. FRACTIOM FACTOR OF INSERT FACE TO VENA CONTRACTA  HOLES
x INCHES INCHES
TS-4 0-60 .C0 .189 ~, A2 &
T8-5 0-40 1.00 .617 ~, 43 o
50 .90

60 .70
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Figure 18 shows the mixing factors as a function of the ratic L/drootriction

The data all appear to be consistent with this approach.

Note that the data obtained for multiple hole inserts (TS-4 and TS~5)

are consistent with the remaining data providing d is taken

restriction
a8 the diameter of an individual hole.

Figure 1f - '=s includes data by Jlnnnnn(z) on inserts of several
lengths. These data which ace either for very short inserts or relatively
long inserts (see table 5 for insert geometry) and hence show mixing
factors of zero or cne. The data of Janaa.n(z) appear to be ccnsistent
with the data of the present investigation.

Iwo phase pressure drops across short laserts have also been
nl.(“)

investigated by Cermak et . However, their pressure taps were

very close to the insert (.7 in downstream), Both the data of Janssen

(8) (6)

and Kerviaen and Mendler indicate that only a fractinn of the
expansion preseure rise would not be seen so close to the area change.
Iuterpretation of this data is clouded by the fact that the degree of
recovery close to such an insert i{s a function of void fraction and
mean velocity as well as distance from the insert.

In the range of mass flows for which non-recovery effects could be
estimated from Janssen and Kervinens votk(b) prediction based on the
present correlations were compared with Cermak's data. Reasonable

agreement is attaincd. Cermak's data show lower ratios of 2 phase to

6 2

single phase pressure drop at the lower mass flows (Gc J5 x 10 1lbs/hr ft
through the restriction) but non-vecovery effects at these flows cannot be
estimated and no conclusions can be drawn from the data.

The data obtained in the present investigation agree with Hoope's (16)

conclusion that orifice pressure drops should be calculated using slip
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TABLE 5
Jmssxlm TEST SECTIONS
SECTION GEOMTRY L B, AREA RATIO
NO. fcues P
=1 RECT. % | 2 .4
§-2 RECT. S Pe b
-5 RECT. | | .6
Je-1 CIRC. 10.0 669 492
!
l MG 6 ™
R0 o
| g i
I g
hegsuhr Ceometry
[y " __l
™ W "
| ¥
054" ‘i“"
il [

Circular Geometry
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5 f L
flow sverywhere. The Jata of Fig. 18 indicate that uhct(d rnotric:ton) 3
is below 0.5, A = 0 aad hence slip flow should be assumed at all a
locations. i
cation of C tational Procedures to Conditio 1
Substantial Vaporization }

When a large difference is fourd between the inlet and outlet
void fraction, a method for predicting the pressure loss 1is needed.

Large differences between in the inlet and outlet void fractizas

6 2 1

vere encountered with test section 6 when a flow of 4.6 x 10 Iva/hr £
vas used. Under conditions of nearly constant a, the pressure loss

vas predicted by the short insert equation (Eq. 12) because the vena

contracta occured outside the restriction. To use (Eo. 11) a value for
o at the vena contracta is required. When & large amount of vaporizatioun !

occurs, the quality (x) at location 3 (vena contracta) may not be the

same quality as at location 5. Several assumptions are pelaibic. One
may assume that 33 should be based on the imlet quality, exit quality,
or a quality midway between the two. The pressure drops computed w.th i
these assumptions were comparad to the data. The mixing factor, A, for
the vena contracta void fraction was evaluated using the void fraction '
consistent with the quality assumed at the vena contracta.

It was found tnat the pressure loseé 18 vest predicted by computi.g
°3 with the assumption that the quality at the vena contracta is the saze
as the outlet quality. (See Table 6). In using Eq.(12) for predicting the

the pressure drop, the value uf x was taken as the average of the vena

eontracta and exit qualities. The difference between this predicted value

and the experimental value averages less than 51. A sample calculation is

given in Appendix I.




TABLE 6

PRESSURE LOSS PREDICTIONS

sk | PRESSURE LOSS
T Yy peer Mo XnmertXourier Xve “fourier

PSF wr PSP

T8-6-3-1 .71  395.8 no  difference

2" 498 403.0 441.8 480.1

-3 " 881.6 44h. 5 532.7 636.4

“ " ma 485.6 627.8 774.8

-5 " 788.5 498.4 678.4 741.5

-6 " 648.7 433.5 526.1 610.5
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@ 6.0 Conclusions
The present investigation indicates that mciels based on a one
dimensional momentum balance approach are adecquate for the prediction
of two-phase pressure losses across abrupt area changes for short, long,
and intermediate length restrictions. The present work confirms

(1)

Husain and Weisman's previous conclusion that the two-phase pressure

drop across well separated abrupt expansion-contraction combipations
may be predicted by

G!z < >
MG & o s N g | 2
8py0ss ‘1nsert) 20,8, ( %2(9‘ " °,(‘7ch a3 ) + (1=xP (1-a)

9 2
i o Q% QO TR RPN B !
‘67(1- )z (1 a, )2)) {9' ¥’ (Ca 8, ©, os)

* ‘1"‘)2%(%-«:,) ¥ 1fc.. " x-z 1‘3'7: )'+ -4 "2 ( o "' (20)

=21)

B Lal s i o1
"o D * (=07 Qea Worfieald? ~ e )

1
where s)ip flow is assumed everywhere except at the vena comtracta. At
the vena contracta the flow is tsken as homogeneous up to a void
fraction of 50%. At higher void fractions mixing is incomplete and the

void fraction is obtained from

% ® %14p ’ A(“houo; - °llip) (21

where A= 1.5 - 3.

From the present wor', it is found that if the ratio L/d is

restriction
less taan 2.0, the prassure drop may be predicted from the foregoing

equation providing the vena contracta occure within the restriction and
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it 1s assumad that

a) the voia fraction upstream of the expansion ls the same as at the

vena contracta.

b) the void fraction at the vena contracta is obtained irom Equatica 21

with the mixing factor, A, obtained from the solid lines in Figure 18.
This study has also confirmed the conclusion of lloml(“) and

Jmun(Z) that very short inserts behave differently from long inserts.

When the vena contracta occurs outside the restriction, the pressure

loss is given by

Gy v v 242
SHORT , 1 .18 x5 d. 5
89 (1xsert’ 23ccz c? [vl x°3(53 o 5

2 - 1 2 .cz c?
Hamd ‘“a’i(x-«,)z (=g

v
g 2,1 _ g€
- 2oc(E xz(i-; - é) + Gen2(gg - T4 (22)

If (L/d 3:5), Equation (22) may be used with the

(8)

reztriction

assumption of slip flow at all locations. Tae Hughmark correlation
is recommended to cbtain the relationship betwveen a and x.

When (L/d > .5), the pressure loss can be predicted

restriction
by the foregoing equatior for short inserts providing the veid fraction
at cthe vena contracta is based on partial mixing at the vena contracta.
The vena contracta void fraction may also be calculated from Equation (21)
vith the mixing factor obtained from the dashed lines of Figure 18,

The above approach is valid for both single hole and multiple hole

restrictions. When multiple hola restriction are considered, the

(L/drnstriction) ratio should be determined using the diameter of a

. . e el .
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gingle hole.
when there is sigaificant vaporizatinn across the restriction, it

is suggested that 14 be based on the exit quality. (see section 5.4) It

should be noted that use of either equation (19) or (21) implies that
the quality variation acroes the imsert is not large and that an average
velue cf x (based on vena contracta and exit values) may be used.

T™ho data ccnsidered in arriving at these conclusions included both

» ean-woter and freon-{:eon Vapor systems >ver & variety of pressures end

veid fracticnm Re.re T, the mass flowv rates used were in all cases at

or above . » 1¢° .bs’ts fc° 1o the small size pipe or restriction.

Caution shoiu:d therefora be used in extrapolating these results to very

low flow rates.

- SESERITE

SRR e R S i

o A b o - R———



55

t1) Husaiz, A. and Welsman, J., "Two Phase Press ire Drop Across Abrupt

Area Changes”, University of Cincimnati Report CO0 2152-15 for the
Nuclear Regulatory Commission (1975).

(2) Janssen, E., "Two Phase Pressure Loss Across Abrupt Contractions and
Expansions, Steam-Water at. 600 to 1400 PSIA," International Heat
Transfer Conference, Chicago, 1966, ASME, Vol, 5, pg. 13-23.

(3) Lottes, P. A., "Expansion Lossus In Two Phase Flow," Nuclear Sciemcs
and Engineering, Vol. 9, 26-31, 1%61.

(4) Mendler, G., "Sucden Fxpansion Losses {n Single and Two Phase Flow,"
Ph.D. Dissertation, U. of Pittsburgh (1563).

(5) Perrel, J. K. and J. W. McGee, U.S. AEC Report, "Two Phase Flow
Through Abrupt Expansions and Contractions," TID-2339-Vol. 3(1966).

(6) Janssen, E, and Kervinen, J. A., "Two Phase Pressure Drop Acruss
Expansions and Contractions; Water-Steam Mixiures at 5C0-1400 PSIA,"
General Electric Co. Report CEAP-~4622 (1964)

(7) Fitzsimmons, D. E., "Two Phase Pressure Drop in Piping Covpoments,"
Hanford Laboratory Report HW-80970 Rev. 1 (1964).

(8) Hughmark, G. A., Chem. Eng. Progress 58, (4), 62(1962).

(9) Husain, A., W. C. Choe and J. Weisman, "The Applicability and the
Homogeneous Flow Model to Pressure Drop in Straight Pipe and Across
Area Changes", University of Cimcinnati Report C00-2152-16 (1975).

(10) Dukler, A. E., M. Wicks and R. G. Cleveland A.T.Ch.E. Journal 10, 44
(1964) .

(11) Gedger, G. E., "Sudden Contraction Losses in Single and Two Phase
Flow," Ph.D. Dissertation, U. of Pittsburgh (1964).

(12) James, R. "Metering of Steam-water Two Phase Flow by Sharp Edged Orifices"
Proc. Inst. Mech Engrs 180, Pt 23, p 268 (1965-66)

(13) Murdock, J.W. "Two-Phase Measurement With Orifices", J. Basic Engineeringz
84, (4), 419 (1962).

(14) Collier, J. G. "Convective Poiling and Condensation" McGraw Hill Book
Co., New York (1972).

(15) Chishclm D. and Leishman, J. "The Metering of Wet Steam” Chen & Proc.
Eng. p 103 (July 1969).

(16) Hoopes, J. W. Jr,, "Flow of Steam-Water Mixtures in s Heated Annulus
and Through Orifices," ..7.Ch.E. Journal, June 1957, pages 268-75.

ok i e

PR RS ——

e . ————



{17)

(18)

(19)

(20)

(21)

56

Cermak, J. 0., J. J. Jicha, and R. G. Lightner, Trans ASME, J. H.at
Transfer, 86, 227 (1964).

E1 Wakil, M. W., "Nuclear Power Engineering," pg. 288, McCGrav Hill,
New York (1962).

Baroczy, C. J., "A Systematic Correlation for Two-Phase Pressure Drop,"
North American Report, NAA-SR-Memo~11858.

Fluid Meters - Their Theory and Application Report of ASME Research
Committee on Fluid Meters, Fifth Editiom 1959, Published by The
American Society of Mechanical Engineers, 29 West Thirty Nineth St., N.Y.

Kays, W., and London. A. L., "Compact Heat Exchangers,” p. 94,
McGraw Hill, New York (1955).

A el —

. o et e

e e s+ el



57

Nowenclature

Fe - Froude Wo.

G - Mass flov rate (1ba/hr ft?)

v = specific volume (fts/lhl)

¢ = area ratio

'c - gravitional constant

x = quality (%)

a = void fraction (%%if-ﬁ%-iifgﬁ;:)

C ~- vena contracts area ratio (55557%1;¥°::':::§::::‘)
p = specific density (lbn/fta)

A = mixing factor

K =~ flow parameter related to slip (Hughmark's Correlation)
& = average vnid fraction (5%%4;%£=¥5f§§
Ap = pressure change (PS1)

Re - Reynolds No.

Subscripts

1 - Uquid

g - pas

e - expansioa

¢ = contraction

x = x direction

L = loss

VC - vena contracta

a - acceleration

iy snmiat
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APPEXDIX A

Experimeital Procedure and Single Phase Calibration
1. Experimental Procedure

At the start of each test series, the zero cf the differential
pressure cell was checked znd then the pump was started. The desired
flow rate was set and the system pressure was set with a pressure regnulator.
The heaters were then turned on and the system slowly heated. During
this period, the Freon was all liquid and two checks were made. The
single phase pressure drop and void sensor readings were observed to be
a functlon of the terperacure of the fluid. These were compared with
previous observations at the same temperatures.

Once two-phase operation begam, the heat irput was increased
in a stepwise manner. The system was allowed to stablize bztween the

step increases in heat {nput. At that time both void sensovs were read and

checked for repeatability, and the differential pressure across the

test section recorded. A constant flow rate was maintained by adjusting

a pump bypass valve. Sufficient coolant flow was permitted to the

c¢ondenser to yp-ovide a subcvoled liquid to the pump and prevent cavitation.
Once the series of tests was complete, the single phase operation

was resumed and the remperature dependency of the single phase pressure

lose and the void sensors checked to be cuortain no changes {n the

instrumentation ha¢ occurred during the test.

2. Siogle Phase Calibration

Temperature was found to have a small effect on the single phas:
pressure.drop. This is shown in F‘gures 19-24. This is due to the change
in the Reynclds Number, which varies iaversely with ‘e viscosity. For

Freon 113, the viscosity changes by over 10% with only a 20°F change in

2
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fluid temperature. The increase in temperature decreases the viscosity
which increases the Reynolds Number.
Tuls observation was found to be consistent with the work of
Kays (21) who found that single phase abrupt area change loss
coeificients vary with the Reynolds Number. The contraction coefficient
decreases wit} increasing Reynolds Number while the expansion coefficient
increases with Reynolds Number, but at a slower rats than the contraction
coefficient changese. Therefore, the combined loss coefficient would
decrease with Reynolds Number, and so the observed pressure loss would
decrease with increasing temperacure.
It should be noted that the pressure loss discussed does not include
the loss associated with frictional drag of the fluid on the pipe. The
frictional loss in the pipe was accounted for by the use of the Bnroczy()g)

correlation.

The single phase pressure loss is seen to decrease in Figures Al-A6

with increasing temperature. A decrease was not observed in Figure 8
due to the large single phase pressure ioss associated with that imsert,
(TS=6). Only a 3 or 4 PSF decrease was noted in the first five inserts
which represe:ted a pressure change of at least 3 or 4 2, which could
be detected by the instrumentation. The sir-'e phase pressure loss was
very large for the sixth rest section and the instrumentation Day not have been
detect thes: small changes in a pressure drop this large. The pressure
loss thus appeared to be essentially constant over the temperature range
investigated.

The single~phase pressure drop data were also used tv obtain the value
of C, the vena contracta area ratio; for each of the test sections. Where

the vena contracta was inside the inse.c, the value of C was obtained from

iy L ST PO AR el T 9 ka4
&y gt Lk dvd S e g SRR el e T el
~ v ek

e l'v, F :; " ‘; ,.. % b - j .‘,: AT
LIl e L R e RS R :w\i#‘f. e
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2
¢
Long - -k 2 P N | :
871, Insert) 16 ~ Zgp 07 (1-20 + 0% + &y = G+ 1] (1)

when the vena contracta was estimated to be outside the test section,

C was obtained from

2
¢
SHORT , ‘ Wi §
oy Gnserr’1s Tt?pl Q1 2ec + 022 (A-D)

The values of C obtained for & temperature of 190°F are

tabulated in table A=l. It ia seen that in all cases the values of C
obtained lie within the range expected. It will also be observed that
the value of C tends to increase with increasing G. This implies a

iower pressure drop at higher G's or higher Reymolds number. This is

in agreement with the previously noted terjerature effect.
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TABLE A-1

VENA CONTRACTA AREA RATIO

TEST FLOW VENA CONTRACTA FLOW AREA WMT EQ.
SECTION AREA BATIO RATIO USED
1b/HR-PT? ¢ o
T5-1 2.0x10° 711 .590 LONG INSERT
20“208 071“ u("l)
8-2 1.9x10° ,687 .595 LONG INSERT
2.4x10° 721 Eq(A-1)
18-3 1.9x10° 718 .615 SHORT INSERT
2.3-2.7 ,732 £q (A-2)
5-4 2. 3x10° .638 ,505 SHORT INSERT
2.8x10° 643 £q(A-2)
55 2.2x10% .610 .534 LONG INSERT
2.7x10° 624 £q (A-1)
15-6 2.1x10° 624 ,249 SHORT INSERT
2.9x10° 662 Eq(A-2)

- iy, - —————— b W S i i b A o Wt

s et .

e i i SRS i, et



A8

APPENDIX B

Reduction Procedure

The data reduction scheme used will be illustrated by Run No.
T8«3=6~1

(1) Calculation of Mass Flcw

Thie measurement was taken using an orifice plate which was
installed between the pump and the immersion heaters. The f{low was

calculated from the equation
W e CA/;IC_EW L (1bm/ gec)
Since the 4 p was measured in units of inches of water, then
ap=r B 8/s,

where uv is the difference between the two water columns in the

manometer

P, is the density of water (1bm/ft3)

Ac for the orifice used was equal to .0064

¢ wus supplied by the manufacturer for the range of operation

and vas ecual to .685,[0Orifice and pipe assembly was constructed
in accordance with ASME specifications. Valwe of C was checked

by followiug procedures of ASME Fluid Me:¢rs handbook)

Upon insertion of the above constants and conversion factors,

the mass flow rate equation becomes

/——--—.—-A——-—
We (0801 YPooponteH,
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Far tt' present run:

All' = 10" of water (held constant,
byason = 9233 Tbm/fe>
W= 0801 ¥ 92.33 *10

= 2,434 lbm/sec

In the large pipe the diameter was .991 inches. In the
restriction the diameter was .777 inches.

The mass flux in each pipe is given by
W 2
C= iz 3600 (1bm/hr ft°)

where W 1s the mass flow (1h/sec) A is the cross sectional area of
the pipe (ftd)

For the large pipe

2,434

o A3 __ 3500
G arcE (.931)7“

. 1.636x10°1bm/hr £t

For the small pipe

2,434

Comary ® ~.777.2,
(’i‘i") 14

3600

. 2.661x10%1bm/he £2°

2
Since dp” - (1 .B zgic)ug;’ . (f % !E_'c)smu'

i e e . A O ..l S
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ord p"” =4 p, #MULTIPLIER +4 p, m‘gxmm
LARGE TRICTION

LPgy * 10.30 (2.001) + .318 (1.679)

TP
= 21.2 PSY

(2) Estimation of Void Fraction

As previously noted, the void fraction was measured by using
@ capacitance type void sensor. The meter was calibrated to give 0 = 10
voltage difference when the void was ranged from O to 100%.

To correct for the variation of the zero void reading witn
temperature, temperature and voltage readings were taken wvith liquid
Freon flowing through the sensor. The voltage reading was zssumed to
vary linearly with void betwcen the zero and 100% void readings (see
Appendix A for void meter calibration). With these assumptions, the
void fraction was determined to be 44.82 for the run.

(3) Pressure Drop Across Abrupt Expansion and Contraction

3a Differential cell reading = 81.72. Since full scale corresponded to

0" of water differential, then

.81.7x30 = 24.51

8o ; 7
L + f + ACCEL. + NON-RECOVERY inches of water

= 127.5 PSF
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3b Estimation of Straight Pipe Friction Loss
Large Pipe: 18" length, .991" di:meter
Restriction: .215" length, .777" diameter

Using the Baroczy Correlation

psr” -opn,n (large pipe) + %srﬂ (restriction)

(4) Correction for Vapsrization

Void fraction measurements indicate no significaat vaporization
across the test section at low masse velocities. Therefore no flashing
correction was made to the preceding sample run., At the highest mass

velocity's flashing gives rise to an acceleracion term which should be

subtracted from the measured data

(5) Calculation of Acceleraticn Pressure Drop

The acceleration pressure drop (s given by

2
C
U R 5,

viere C is the mass flux from part (1)

8 1bm f¢t

'c i 4.17x10 1L el

v ir an acceleration multiplier given by

e 2 v
ey, [58] 38 5.1
f 1-0. G.Vt

—— s ——




vhere Ve is the specific volume of the liquid

v. is the specific volume of the gas
X is the exit quality

8y is the exit void fraction
Since the inlet is a vapor instead >f a saturated liquid, an r is

calculated for the inlet and one for the outlet. The difference is

2

then multiplied by 2.
¢

For this rua

a T 43,62 a = 46.02

inle cutlet

x . " 2.472 x - 2,762

inle outlet

- .0116¢ £¢3/1bm

3 ,
“R .5556 £t /1bm ‘s

substituting, it is found

Pgntine ™ .0088 ¥ utias * .0097

8o

6,2

1.636x10%)
Spacopy” (+0097-.0088) = T7x10

= 5,7PSF
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taen : 4

”IHOH-KROVER * 106.3-5.7 = 100.6 PSF

{p) Correction for Undeveloped Expansion Pressure Loss

The loss due to undeveloped pressure recovery for various dis-
(6)

tances aftev an expansion was investigated by Mendler and Janssen j

8)

and !nrvin.n; » and is extensively discussed in Appendix E anc F.

The curve for correcting for non-recovery i{s shown in Figure 9., For

« = 44.8,

e ———— e

SPryiLy RECOVERED

tp atL/D= 12 > .96
& puLLy RecovEREp =+ 96%100.6
e 96.58PSF

then the excegs rise is

APNON"RECOVER « 100.6-96.6 = 4. 0PSF

finally

APL = 100,6~4.0 = 96.6 PSF

- . . 3 Ji op ol L L st . s 2a,
B e T A P, wy ek ad ",‘«'m 2 ,I',.l.'%r,..—;,.\..{ ks e R R L -
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Data Tabulation

Nomenclature

o~ eres raic (SSStricticn flow gres,
pipe flow area

P - System pressure (PSIC)
G - Restriction Mass Flow Rate (1b/nr ftz)

Measured pressure loss - Pressure drop as recorded irom differential
pressure cell (PSF)

Priction loss - Pressure loss between the pressure taps due to the drag
of the liquid on the pipe and restriction walls (PSF)

Kerel, loss - Pressure loss due to vaporization of liquid across the
the restriction (PSF)

Non-Rec loss - Excessive pressure loss due to measuring the pressure

before the pressure had fully recovered from an expansion (PSF)

Corr. pressure - Measured loss minus the sum of the friction, acceleration,

and non-recovery losses (PSF)

S§ingle Phase loss - Pressure loss across the restriction at the test
temperatuvre if the fluid was entirely liquid at the test conditions
(PSF)

Pres. Ratio - (Corrected pressure)/(Single phase pressure)




RUN VOID
NUMBER  FRACTION

5-1-1-1 34.2
-2 3.9

-3 2.1

-4 5.9

-5 41.1

-6 43.1

-7 47.9
T5-1-2-1 25.9
-2 36.8

-3 17.1

-4 12.9

-3 4.1

MEASURED
PRESSURE LOSS

59.3
57.7
26.5
26.5
68.7
71.8
87.4

65.6
90.5
49.9
43.7

40.6

TS-1 0 = .590

P = 25PSIG
G = 2.0:106
FRICTION ACCEL NON-REC
LOSS LOSS LOSS
16.5
15.7
8.5
8.5
20.5 oS
21.8 1.3
25.0 3.7
6

P = 25 PSIC G = 2.4x10

18.5
24.0
15.5
14.5

12.6

CORR.
PRES

42.3
42.0
18.0
18.¢
47.7
48.8
58.7

47.1
66.5
34.4
29.2

28.0

SINGLE PHASE

PRESS

16.3
16.3
16.6
16.5
16.3
16.3
16.3

246.9
24.8
25.0
25.1

25.3

PRES.
RATIO

2.63
2.58
1.09
1.09
2.93
3.00
3.61

1.89
2.68
1.37
.16

1.11

11
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P=25PSIC G = 2.8!10‘

RUN VOID MEASURED FRICTION® ACCEL NOH—i!C CORR. SINCLE PHASE PRES.
NUMBER  FRACTION PRESSURE LOSS LOSS LOSS LOSS PRES PRESS RATIO
5-1~-3-1 9.2 57.7 15.1 42.6 36.8 1.16

P =40 PSIG G = 2.0!106

TS-1-4-1 3.7 56.2 14.7 41.5 16.4 2.53
-2 44,5 68.7 19.2 1.7 41.7 16.4 2.91
-3 9.7 62.4 17.0 5.4 16.3 2.78
-4 25.9 49.9 12.0 37.9 16.6 2.29
-5 21.0 43.7 10.8 2.9 16.6 1.98
6 6.0 25.0 8.1 16.9 16.9 1.00 g
-7 11.1 30.0 8.8 20.9 16.8 1.25 -
-8 20.4 4.1 10.5 3.6 16.6 1.91
5 a2 3.2 8.8 22.4 16.8 1.3%

P = 40 PSIC G = 2.4x10°

T8-1-5-1 15.1 49.9 16.2 35.7 24.4 1.46
-2 20.1 55.6 15.9 39.7 24.4 1.63
-3 35.5 81.2 21.2 60.0 2&.3 2.47
-4 25.5 61.8 17.5 44.3 26.3 1.82
-3 42.0 96.8 24.5 1.1 71.2 24.3 2.9%

-6 54.3 143.6 31.5 12.1 98.0 24.2 4.05
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RUN
KUMEER
TS-1-6-1

T5-1-7-1
-2

-3

-4

=3

-6

=7

-8

TS-2-1-1

VOID
FRACTION

N.1

2.8

6.2
14.0
56.1
54.8
14.4
32.2
48.7

27.2
35.9
1.1
18.7
30.7
23.2
33.2
40.8

MEASURED
PRESSURE 1.0SS

98.3

38.1
40.6
47.8
138.9
132.7
49.9
713.3
113.9

42.9
46.8
45.3
43.7
46.0
42.9
49.2
56.2

P e 40

PSIC G = 2.8!106

FRICTION ACCEL  NON-REC

LOSS
21.3

P = 60

11.7
11.9
13.1
34.0
32.5
13.2
18.0
27.2

LOSS LOSS

PSIG G = 2.6:106

12.6
11.5

6.1

TS-2 0 = .595
¥ = 40 PSIC G = 1.9x10

10.3
12.3
10.3

8.2
11.3

9.2
11.8
14.5

CORR.
PRES

7

26.4
28.7
%.7
92.3
88.7
36.7
55.3
80.6

32.6
34.5
35.0
35.5
34.7
33.7
37.4
41.3

SINGLE PHASE
PRESS

36.1

23.7
23.7
23.6
23.4
23.4
23.57
23.5
23.4

18.0
18.0
18.0
18.2
18.1
18.1
18.1
18.0

PRES.
IATqi
2.13

1.11
1.21
1.47
3.95
3.80
1.56
2.36
3.45

1.81
1.92
1.94
1.95
1.92
1.86
2.07
2.29

LL
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RUN
NUMBER

15-2-1-9

T5-2-2-1
-2

-4
-5

-7
-8
-9

VoID
FRACTION
57.1
52.8
50.4
44.8
51.5
55.5
54.4
59.3
59.9

26.2
27.8
30.3
33.3
35.0
42.2

1.1
48.9
56.9

MEASURED
PRESSURE LOSS
85.8
79.6
73.3
64.8
79.6
84.3
82.7
92.1
95.2

54.6
58.5
64.0
67.9
70.2
82.7
33.6
101.4
132.7

TS-2 = .595

P =40

PSIG G = 1.9x10

6

FRICTION ACCEL  NON-REC
LOSS LOSS

LOSS

23.0
20.2
19.0
15.3
19.8
22.5
21.8
25.5
26.5

P =40

12.7
14.0
16.0
15.0
17.0
20.0

9.5
25.0
31.8

8.2
5.9
4.3
2.0
5.4
7.1
6.7
9.7
10.3

PSIC G = 2.4x10

5:3
13.1

e e i oA o

CORR.
PRES
54.6
53.5
50.0
47.5

54.7
54.2
56.9
58.4

461.9
é4.5
48.0
51.9
53.2
61.8
26.1
71.1
87.8

SINGLE PHASE

PRESS
17.9
18.0
18.0
18.0
18.0
18.0
18.0
17.9
17.9

24.3
24.2
26.2
26.1
24.1
26,0
25.1
25.0
24.0

PRES.
RATIO
3.05
2.98
2.78
2.64
3.03
3.05
3.02
3.18
3.26

1.72
1.84
1.99
2.15
2.21
2.57

.96
2.96
3.67

8L




RUN vOID
NUMBER FRACTION

T5-2-3-1 4.4

-2 5.95

-3 8.0

-4 19.5

-5 26.8

-6 35.3

-7 40.3

-8 44.8

-9 50.1
-10 54.6
TS-2-4-1 44,4
-2 45.C

-3 48.4

-4 54.3

-5 30.6

-6 33.3

-7 35.3

-8 40.8

-9 32.3
-10 24.1

i, .t

MEASURED
PRESSURE LO3S

25.0
25.8
26.5
35.9
44.5
45.3
47.6
55.4
61.6
65.6

79.6
80.4
84.3
99.9
58.5
59.3
62.4
70.2
58.5
47.%

P = 60 PSIG G = 1.9x10°

FRICTION ACCEL  NON-REC CORR.

LOSS L0SS  LOSS
6.3

6.5

6.7

8.0

9.3

11.3

12.8

14.5 1.6
17.0 1.3
19.3 5.1

P = 60 PSIG G = 2.4x10°

20.2 2.1
20.8 2.4
23.0 6.3
26.5 8.1
14.9

15.9

16.5

19.0 .5
15.7

13.3

. e .

PRES
18.7
19.3
13.8
27.9
35.2
34.0
34.8
39.3
61.3
41.2

57.3
57.2
57.0
65.3
43.%
43.4
45.9
50.7
42.8
3.3

SINGLE PHASE
PRESS

16.2
16.1
16.1
16.0
15.9
15.9
15.8
15.8
i5.7
15.7

22.8
22.8
22.8
22.8
22.9
22.9
22.9
22.€
22.9
22.9

PRESS.
RATIO

1.16
1.20
1.23
1.75
2.22
2.14
2.20
2.49
2.62
2.62

2,51
2.51
2,50
2.87
1,90
1.90
2.01
2.22
1.87
1.50

6L
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P~ 60 PSIGG = 2.‘!106

RUN voIib MEASURED FRICTION ACCEL  NON-REC CORR.  SINGLE PHASE s RES.
NUMBER FRACTION PRESSURE LOSS LOSS LOSS LOSS PRES PRESS RATD
TS-2-4-11 24.5 49.2 13.5 35.7 22.9 1.56
-12 14.4 38.2 11.2 27.0 23.0 1.17
-13 11.8 36.7 10.9 25.8 23.0 1.12

15-3 9 = .615

P = 25 PSIG G = 1.9x19°
15-3-1-1 5.4 36.9 6.3 30.6  29.3 1.06
-2 119 40.8 7.2 33.6  29.1 1.15
-3 26.2 54.1 10.5 43.6 29.1 1.50
-4 3.2 58.8 12.0 46.8  29.0 1.61
-5 3.3 63.5 13.0 50.5  29.0 1.74
-6  29.4 55.6 11.4 - 8.2 29.0 1.66
-7 414 66.6 16.0 5 so.1  28.7 1.75
f &
H P =40 Faiv 6 = 1.9 x i0
T5-3-2-1 4.3 36.2 6.3 29.9  28.3 1.06
ﬁ -2 6.1 36.2 6.3 29.9 28.3 1.06
-3 18.8 43.2 8.3 3%.9 28.0 1.25
-4  39.5 63.5 13.5 s0.0 27.8 1.80
-5 41.3 65.8 14.3 .5 s1.0 27.8 1.83
-6  46.1 4.4 16.2 2.9 $5.3.  27.7 2.00
-1  46.6 74.4 16.& 2.9 55.1  27.7 1.99
-8 41.7 75.2 17.0 3.2 $5.0  27.7 1.99
1 9 53.7 82.2 19.5 6.3 s6.&  27.7 2.04

Wk — b Ap——




40 PSIG G = 2.3x10°

-~

RUN VOID MEASURED FRICTION ACCIL  NON-REC CORR.  SINGLE PRASE PRES,
NUMBER  FRACTION PRESSURE LOSS LOSS LOSS PRES PRESS RATIO
TS-3-3-1 1.8 51.8 8.5 €23 40.5 1.07
-2 1.2 51.8 8.5 43.3 40.3 1.07
-3 2.6 51.8 8.5 §3.3 40.3 1.07
-4 4.2 53.3 8.7 44.6 40.0 1.12
-5 6.5 53.3 9.0 464.3 40.0 1.1%
-6 4.5 52.5 8.8 43.7 40.5 1.08
-7 8.3 54.9 9.2 45.7 40.0 1.14
-8 12.7 58.0 9.7 48.3 40.0 1.21
-9 19.3 62.7 11.2 51.5 39.8 1.29
-10 29.7 76.90 13.7 62.3 39.5 1.58
-11 32.1 79.1 4.5 64.6 39.5 1.64
-12  36.4 85.3 16.3 69.0 33.5 1.75

60 PSIG G = 1.9x10°

TS-3-4-1 .9 35.4 5.8 29.6 27.3 : 1.08
-2 1.9 34.6 5.9 28.7 26.8 1.07
-3 9.0 38.5 6.5 32.0 26.4 1.21
-4 23.9 47.9 8.5 39.4 26.2 1.50
-5 22.0 46.3 8.1 38.2 26.0 1.47
-6 37.3 58.8 1.3 47.5 26.0 1.83
-7 34.5 58.0 10.% 47.4 26.0 1.82

-8 43.9 68.1 13.3 1.6 53.2 25.9 2.05

18




P = 60 PSIG G = 2.3x10°

: RUN voID MEASURED FRICTION  ACCEL NON-REC  CORR. SINCLE PHASE  PRES.
4 NUMBFR FRACTION PRESSURE LOSS LOSS LOSS PRES PRESS RATIO T
| 15-3-5-1 3.2 52.5 8.5 44.0 37.8 1.16
’ -2 6.3 s4.1 8.5 8.6 3.8 1.2 :
: -3 128 57.2 9.0 4.2 3. 1.30 !
| -4  29.3 70.5 12.4 58.1  36.6 1.59 ‘
i -5 3.7 82.2 14.8 67.64  36.5 1.85 ¢
i R X 78.3 14.7 63.6  36.5 1.74 :
{ -7 6.9 99.4 19.0 4.0 7.4 36.2 2.11 ;
i -8 5.7 110.3 22.9 8.7 78.7 3.0 2.19 :
; s i
P = 60 PSIG G = 2.7x10 = {

TS-3-5-1 46.8 127.4 21.2 S.7 4.0 96.6 36.1 1.72 {
: -z 46.1 129.0 22.0 3.7 0.6 98.7  S6.1 1.76 :
: -3 25.3 90.0 14.0 2.2 73.8  56.4 1.31
5 -4 217 91.6 14.7 3.4 735 6.4 1.30
i =5 27,0 91.6 164.5 1.7 75.4  56.4 1.3

-6 19.1 82.2 13.8 1.6 66.8  58.6 1.1% :

: -1 4.6 70.5 10.5 .9 59.1  56.9 1.04 s
: -8 3.5 69.7 10.5 4 58.8  56.9 1.03 §
| -9 2.1 8.9 10.4 0 s8.5  S57.1 1.02 -
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RUN
NUMBER

TS-4-1-1

-3
-&
-5
-6
-7

TS-4-2-1

VOID
FRACTION

8.4
10.9

9.3
18.5
20.7
26.3
33.5

19.6

29.3
38.1
34.2
22.9
34.8
37.0
13.9

MEASURED
PRESSURE

84.3
85.8
95.2
109.2
112.3
128.0
143.5

149.8
171.7
202.9
212.2
177.9
187.3
202.9
143.6

e, S B =

T5-4 ¢ = .505

P = 25 PSIC G = 2.3x10

FRICTION ACCEL  NON-REC
LOSS LOSS LOSS

1.5
7.8
1.7
9.2
9.6
11.0
13.4

P = 25 PSIG G = 2.8x10°

13.0
16.3
20.3
18.0
14.0
18.0
19.3
11.3

e ———— | ———————— — v

6

CORR.
PRES

76 .8
78.0
812.5
100.0
107.8
117.0
130.2

136.8
155.4
182.6
194.2
163.9
169.3
183.6
132.3

SINGLE PHASE
PRESS

87.3
87.3
80.5
80.5
80.5
80.5
80.5

119.5
119.0
119.0
119.5
119.2
11%.0
119.0
119.8

PRES.
RATIO

.88

.89
1.09
1.24
1.28
1.45
1.62

1.14
1.31
1.53
1.63
1.3
1.42
1.54
1.10

£8
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P = 40 PSIG G = 2.3!106

R e

e s e

B

- —

P v A W it vt P

s et S s - A B sl St s N

BN voID MEASURED FRICTION  ACCEL NON-REC CORR.  SINGLE PHASE  PRES.

NUMBER FRACTION  PRESSURE L0SS LOSS  LOSS PRES  PRESS RATIO
TS-4-3-1 6.8 85.8 7.0 78.8  80.0 .99
-2 24.0 113.9 9.7 106.2  79.3 .31

-3 48.9 168.5 1£.0 10.5  140.0  78.8 1.78

-4 53.0 190.4 20.2 17.0  153.2  78.8 1.94

-5 s0.1 193.5 18.5 13.1 161.9  78.8 2.05

-6 48.8 190.4 18.0 12.1  160.3  78.8 2.03

P = 60 PSIG G = 2.3x10°

TS-4-4-1 2.3 92.1 6.3 85.8  77.2 1.1
-2 7.8 93.6 6.8 86.8  76.5 1.13

-3 10.2 96.8 7.2 89.6  76.3 1.17

-4 18.9 106.1 8.4 97.7  76.1 1.28

-5 19.7 106.1 8.5 97.6  76.1 1.28

%  25.3 117.0 5.0 108.0  76.0 1.42

-1 3.6 126.4 10.5 115.9 5.5 1.54

-8 8.9 137.3 12.5 126.8  75.5 1.65

P = 60 PSIC G = 2.8x10°

TS-4-5-1  16.9 149.8 11.0 138.8  118.5 1.1/
-2 26.1 165.4 13.0 152.4  118.0 1.29

-3 40.0 199.8 16.5 183.3  117.7 1.56

4 206.0 16.7 1.9 187.4  11%.7 1.59

-5 1.4 140.3 9.8 130.7  118.5 1.10

- - . O —— e
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RUN
NUMBER

TS-5-3-1

TS~5-5-1
-2
=3
-4

VOID
FRACTION

22.5
21.0
48.8
51.4
54.2
33.5
35.8

1.9

9.9
22.5
26.2
25.3
45.5
51.7
53.0
51.3

MEASURED
PRESSURE

9.
9.
196.

215
237
134
138

49.
56.
68.
.
g ”
118.
143.
149.
140.

118.
132,
163

183.

v B o0 ' NN e

)

N N > 00 @

w

6
7
9
7

e i S ——— S . " ———"

P=40 PSIGG = 2.7x106
FRICTION ACCEL

LOSS LOSS LOSS
15

14.7

28.7 5.9 11.3
i1 6.7 16.0
2.5 10.0 29.3
19.2 2.3

20.2 1.8

P = 60 PSIGC = 2.2:X06

7.5

8.9

10.0

1.3

11.8

17.0 4.1
20.3 11,1
21.0 : 12.9
20.0 10.2

P =60PSIGC = 2.7:.106

16.5
16.2
21.5 3.6
23.8 1.5 7.2

NON REC

CORR.
PRES

78.6

82.1
150.7
161.7
173.4
112.7
116.9

42.4
48.2
58.5
61.5
67.8
97.5
112.2
113.9
110.3

102.1
114.5
138.8
153.2

SINGLE PHASE
PRESS

55.8
5.8
55.8
55.2
55.0
55.8
55.8

37.0
36.8
36.5
36.5
36.2
36.0
36.0
35.8
35.9

53.5
53.3
TR
33.1

PRES.
RATIO

1.41
1.47
2.70
2.93
3.15
2.02
2.09

1.15
1.31
1.68
1.68
1.87
2.71
3.12
3.24

3.07 ¢

1.91
2.1%
2.61

2.88

98
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RUN
NUMBER

TS-5-5-5

-7

T5-6-1-1

-10
-11
-12
-13
-14
-15
-16

vOoID
FRACTICN

50.3
52.7
54.0

2.7

3.5

6.7
13.8
20.5
29.6
38.4
45.6
48.0
33.5
56.9
62.1
65.2
66.9
68.3
69.4

MEASURED
PRESSURE

199.8
224.7
237.2

113.5
113.5
139.7
165.9
174.7
209.6
227.1
266.4
279.5
314.4
366.8
419.2
471.6
524.0
559.0
567.7

P =60 PSICC = 2.7:106

FRICTION ACCEL  NON REC CORR.
LOSS LOSS LOSS PRESS
26.4 2.3 12.8 158.3
28.5 2.0 18.4 175.8
29.0 5.6 21.3 181.3

TS-6 0 = _24%
P=25PSIGG = 2.lx106
4.7

4.7

5.0

5.7

6.5

8.9

10.3 .3

12.2 .7 11.4
12.5 .8 16.0
14.3 1.6 31.3
16.2 2.2 45.3
1%9.5 2.5 65.5
21.8 2.4 85.0
23.0 3.5 102.0
25.5 3.3 111.3
28.5 3.9 117.8

108.8
108.8
134.7
160.2
168.2
201.6
216.5
242.1
250.2
267.2
303.1
331.7
362.4
395.5
418.9
417.5

SINCLE PHASE
PRESS

52.9
52.5
52.9

102.3

PRES.
RATIO

z2.99
3.3
3.43

1.02
1.02
1.25
1.50
1.58
1.89
2.03
2.37
2.45
2.61
2.96
3.24
3.54
3.87
4,09
4.08

]
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RUN
NUMEER

TS-6-2-1

-12

TS-6-3-1

voIp
FRACTION

28.6
3%.0
45.2
4£6.8
50.2
53.2
58.4
58.6
61.7
64.8
65.3
67.5

2.2
17.2
19.5
24.1
24.6
34.6
33.4
41.3

MEASURED
PRESSURE

192.2
244.6
266.4
262.0
297.0
314.4
358.1
358.1
384.3
428.0
4£36.7
471.6

175.1
292.6
305.7
323.2
327.5
356.8
366.8
419.2

P = 40 PSIG G = 2.1x10

ACCEL
LOSS

FRICTION
LOSS

4.2
5.4
6.3
6.6
7.0
7.8
9.3
9.5
10.5
12.0
12.5
13.5

6

NON REC CORR.

LOSS

10.4
14.0
21.8
30.7
48.8
48.8
61.7
79.0
80.6€
93.9

V=40 PSIGG = 2.9:106

L.7
3.7
6.0
6.6
6.7
3.6
8.3
10.3

3
o3

I7
.7
o7

4.1

PRESS
188.9
239.2
249.7
241.4
268.3
275.9
299.8
299.6
312.1
337.0
343.6
364.2

174.4
286.0
299.4
316.6
320.8
357.5
157.8
404.1

SINGLE PHASE

PRES.
RATIO

1.8%
2.3%
2.44
2.36
2.62
2.70
2.93
2.93
3.0%
3.29
3.36
3.56

1.00
1.64
1.72
1.82
1.84
2.05
2.05
2.32



RUN
NUMBER

VOID
FRACTION

1
11.
15,

4
(&)

1

28.2

33,

37.5

P=60PSIGG = 2.9!106

MEASURED FRICTION ACCEL KON REC
PRESSURE LOSS LOSS 1.OSS

183.4 4.6

7

P=A40PSICGG = &.6!106

(Avg. Veid Fraction Used)
10.0
10.5
13.0
15.8
15.8
12.5

.3
.2
. |
.6
|
.6
-3
.8
.6

SINGLE PHASE
PRFSS

174.4
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Appendix D - Error Analysis
1. Error Computation

1. Inst A

T

Differential Pressure Cell

Veter Face Output
Reading Error

Fluctuations

4

32 fuli scale (20,

+ .252 full scale (20,

a < 252 + .25% full scale (20,

S T A . S gt L

from lit.)
an est.)

an est.)

a < 252 + 1.02 full scale (20, an est.)

for test section #1, full scale = 60 in Hzo

For 60" nzo in full scale = 312,12 PSE

Meter Face Error

Reading Error

Fluctuation a < 25% =

Then,

= 9,36 PSF(20)

+78 PSF (29)
.78 PSF (20)

o< 25%; o = /(9.36/2)° + (L/B/2)% + (.18/2)7 =

25%; 0 = 30/ 0)C #+

Flow Meter

o I8

LA 2

Orilice Calibration # 1,02 of full

Meter Face Output #

Readi¢g Error

1+

Fluctuation

I+

2.0% of full

42 of full

WA

»
"~

of full

212/2)¢ =

scale
scale
scale

scale

for
for
for

for

4.712

4,949

range
range
range

range

or 20 = 9.42 PSF

or 26 = 9,90 PSF

used (est.
used (est,
used (est,

used (est.

of 20)
of 20)
of 20)
of 20)

L e e e 4 ——
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o =/.0100¢ + ,002¢ + ,0024 + ,0050¢ g = 1,15% of full scale

Void Sensor
Void Fraction Error (Calibration) =4 .05 (2)
Readout Error = 0 (digital voitmeter used)

Readout Fluctuation = + ,02

g " vy + (. e ,027 (2.72)

Temperatures
a) Test Section
Thermometer Error + 1% of full scale (from lit, =o0)
Reading Error 10°F (o cst.)
Fluctuations O0X

Since thermometer rax. is 220°F, then 1% ervor = 2.2°F, so

o = /727 + 12 = 2,4°F

b) Fluid Temperature at Flow Meter
Thermometer Error *+ 1% of full scale (est. = o)
Reading Error + 1°F (est, = ¢)
Fluctuation Error OX

Since thermometer max, is J00°F, then 12 = 3,0°F so

g = /30 + 17 = 3,2°F

e e 4 e e —— - —— AT, o oy
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Density error due to 3°F error » 0.3% error in p.

System Pressure
Gag: Error + 4% € full scale (o from lit.)
Reading Error *+ ipsi (est o)
Fluctuation * % psi (est o)

Since max gage reading is 150 psi, the 42 1s .75 p , s0

o= /,75% ¢ 5+ ,5¢ = 1.0 psi (0)

2. Accrracy of Results including Propagaticn of Error

Flow
At 140°F (typical)o‘ (for Freon 113) = 92.33 and at full scale,

which is 100" HZO. then

Flow = ,080145 /pixmo" uzo = 7.70 lbg/sec

(See Appendix B, "Calculation of Mass Flow")

For ¢ = 1,15% of full scale
o= ,089 1b/sec
at 5", flow = 1.72 1b /sec * .089 o = 5.2%
7" £flow = 2.11 1b /sec * .089 o = 4,22
10" flow = 2,44 lbg/sec * .089 o = 3,6%

Note: Addition of the error in flow due to temperature measurement

does not significantly change the above.
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Pressure Ratio

In computing the error which may appear in the pressure ratio,
consideration must be given not only to the pressure drop errors but
those due to flow measurement. The pressure ratio is computed assuming
a main flow rate which may be in error. The pressure ratio 0 is then

obtained by taking the square root of the sum of the squares of the pres~

sure errors introduced by the flow and pressure drop measurcment.

R —

For example, at a flow indicatior of 5 inches of water and with

60" water full scale DP cell calibrationm, it is seen

at zero voids = Mean Prcol‘nntio =1,0 o= .301
25 ervor = 602
at a = 30% Mean Press Ratio = 1.84 o = . 350
with 22 error = 38
at a  60% Mean Press Ratio = 3.65 o = bl

20 arrer = 25.4%

Similiar calculations were performed for other flov rates and DP cell
calibration ranges. The results are susmarized in the section that

fol lows,
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11. Susmary of Results ~ Pressure and Flow Errors

Test Section ¥#1 Avea Ratio = .590

TYPICAL ERRORS FOR VARIOUS CONDITIONS

Mass Flow _Associated Errors

Rate (G) Flow Error (20) Pressure Ratio Erro

1b /fe?hr 1b_/br a= 02 a=30% a=602
2.0x10% + 10.4% 602 382 257
2.4x10% + B.42 a1z 26% 202
2.8x106 + .22 332 212 -

Test Section #2 Area Ratio = ,595

TYPICAL ERRORS FOR VARIOUS CONDITIONS

Mass Flow — Associated Frrors

Rate (G) low Error (20) Fressure Ratio krror (2a)
lb-/ftzhr lbm/hr a ™04 a= 302 ar= 00%
1.9x108 + 10,4% 342 212 242
2.4x10° + B.4% 302 25 232

Test Section #3 Area Ratio = ,615

TYPICAL ERRORS FOR VARIOUS CONDITIONS

Mass Flow Associated Errors

Rate (C) Flow Error (20) Pressure Ratio Ervor (2°)
1b_/Ie*hr ae 0% o= 304 3= b0%
1.9x106 + 10,42 162 122 -
2,3x108 + B8.,4% 14% 102 -
2.7x108 + 7.2% 92 82 -—

 tms. S



Mases Flow
Rate (G)
1b_/fthr
n
2.3x108

2.8x10%

Mass Flow
Rate (C)
1bg/ft?hr
2.2x108

2.7x108

Mass Flow
Rate gc)
lb./tt hr
2.1x108

2.9x10%
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Test Section #4 Arca Ratio = .505

———

TYPICAL ERRORS FOR VARIOUS CONDITIONS

Associated Frrors

Flow Error (20) Pressure Ratio Error (29)
lh-/hr a=0f a=2302 a*60Z
10,42 232 222 —_

B.42 192 182 e

Test Section #5 Area Ratio = 534

TYPICAL ERRORS FOR VARIOUS CONDITIONS

=¥ Associated Errors i

low Error (20) Pressurc Ratio Error (27) ;

1bg/hr a=02 o°F30% a=60 i

10.4% 302 222 - ‘
8.42 252 202 -

Test Section @6 Area Ratio = 249

TYPICAL ERRORS FOR VARIOUS CONDITIONS

Associated Errors
Flow Error (20) I'ressure Ratio Error (20)
lb-/hr 3 » 02 a= 304 a=60% A
3.6% 282 162 122
2,62 172 112 -

111. Error Analysis for Mixing Factors

purposes of {1lustration, the data from test section 2

will be analyzed.

fraction,

The errcis are largest at the lower flows and vary with void

For TS-2, the typical errer in the original data will be
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sssumed to be at C = 1.9x10° and @ = 30%. Under these conditions, the
error in the data is 272,

The data path line was fit graphically and may be considered
analogous to taking a weasurement of a value several times and then
using an average. For such an averaging procedure, the improvement
varies as 1/ /o . To determine the best line, 48 data points were

used, Then

error in line = data point error x1/ /n

= 27% * 1//48 ~ 3.9% (20)

The above is the error in the location of the data path.
1f the data path was exact (no error) there would still be
another error in determining the mixing factor., The mixing was deter-

mined graphically, by observing where pressure ratios with known

mixing factors intersected the data path. To obtain intermediate values

for specific void fractions, an estimatc was made. By inspection this
error could result in a mixing factor error of * .02 (20).

Now the effect of a 3.9% error in the elevation of the "hest
fit" line (determined earlier) must be estimated. The estimated crrors

arc as follows:

if a = 20% estimated error } * .15 (20)
a = 40X estizmated crror % + .08 (20)
a = 502 estimated error i + .07 (20)
a = 602 estimated error & + .05 (20)

e ——— i . i, S P .
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Then the total uncertainty at cach void fraction would be |
a=202 o .t(;%i,z . (43—)2 - 0756

or 20 = ,151 )

Similarly

a® 40% o= .0412 or 20 = 087
a = 502 ¢ = .0364 or 20 = 073 | %
o= 608 o= .0269 or 20 = .054 : :

\

IV Summary of Remw.cs - Mixing Factors . =

Test Section f1

Typical Ervors for Various Void Tractions

Void Fraction Mixing Factor Error (20) i
20 - i
40 -
50 -
60 .05

Test Section #2

Void Fraction Mixing Facto= Error (20)
20 «15
40 .08
50 .07

60 05
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Test Section #3

Void Fractior Mixing Factor Error (20)
20 .08
W0 -
50 -
60 -

{est Section #4

Void Fraction Mixing Factor Ervor (2q)
20 «16
40 -
50 --
60 -—

Test Section #95

Void Fraction Mixzing Factor Error {20)
20 -
40 -
50 .09
60 .06

Test Section 06

Void Friction Mixing Factor Error (20)
20 W12
a0 .06
49 .05
$9 04

60 .01




Appendix E

Non~Recovery Correction Data

1. Data of Mendler'®’

The amount of recovery twelve inches from the point of expan~
sion was determined from the graphs provided by the work of chﬁlot“’
on a steam-vater system. These data were plotted in Figures E-1, E-2,
& E-3 for the ihree area ratios (o) investigated by Mcndler(G). From
these graphs the following conclusions were drawn:

1. The degree of recovery ls not very sensitive to the area
ratio.

2. The recovery is nearly complete 12" from the expansion
if the void fraction is less than 40Z,

3. According to Mcndlet'-(6) data on singie phase cxpansion,
the recovery inhibited under single phase conditions is
faster than with a two phasa flutd.

4, A pressure dependency iy nossible but not certain with
the cecovery.

The correction line in Figure 9 is snown in Figures E-1, E-2,

and E~3, 1t is scen that the fit in F-J is not as good as in E-1

and E~2, Since E-1 and E-2 mrre closcly represcnted the geometry of
equipment used in the Cincinnati investigation, these graphs were used
to ‘ctermine the correction for higher voids. Figure E-3 was used to
locate the point where non-recovery f[irst appears. A best f{it line to
the data in t=3 indicates non-recovery occurs in the region of 402 void

fraction.

. ——_—— ——
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2. Jansse. and K.rvincn(a) Non=-Recovery Data

Janssen and Kcrvincn(.)

investigated pressure recovery as a
function of distance from the expansion for a short insert in a steam-
water system. Pigure F~1 shows the recovery for a single phase mixture
and Figure F-2 shows that obtained with a two-phase mixture, The
geometry used by Janssen {s the same as that used by Cermak et al.(ll).

From these graphs it is scen that the recovery is more rapid
under single phase conditions than with a two phase mixture. The effects
of non-recovery are more severe with single phase [low than with two

phase flow 4f the pressure measurement is taken very close to the

expansion,

ot
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Appendix F
Pressure Loss Calculation with
Significant Vaporization Across

the Restriction

The following data is from Run No. TS~6~5-5.
The freon properties were taken to be those at 180°F, the

value os K was taken to be ,723, the value of ¢ to be .71, and o0 = ,249,

nthlet = 23.82 Ueotas 672 p' - 1,211

Soutias ® 44,9% T, = 1,932 pe = BB.67

For the case where the quality (x, at the vena contracta {s

assumed to be the average of the inlet and outlet qualities, then

X + x
e inlet ; outlet L0067 ; 0193 013

vc

K

°olip - - e .133
Ve (i o (1 = whe))
Pe Xye
X

"wowos X Ci-n) (75 - 4%

The average of the inlet and outiet void fraction is

. Sntee * Coueier | L2284 449

<344
olVS 3 3 34

eSS ——

i

1
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or '.vg w 34,4%

Prom Figure 18, A = .54, then

8, * %prr * Al%qu0c = “su1p

By Substituting into Equation 12, we obtain
- . -

ap. (SHORT , [(4.6x108) (,249) )7 1
P, Cinserr’ = T2 (4.17x10°) (. 249)° (86.67) (.71)2

ol
o

k3
.013 4 ,0193.2 ,426 + .449 1 (269207
(72.622( g & 5 W T (9t g

o

013 + .0193.2 426 + 449, .

L ‘smmndh R S i T L
2
- 20.200) (.71) { 72,622(: Q2220190 (Do L LTl

>

PR ¢ K. 01932 1 C L2697 ));*I' i
2 (1= .426) ~ (1 = .449) " o
. “'
%
“aka

= 78,4 PSF
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