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Abstract:

The flow properties of salt water flashing through submerged round and square orifices are investigated
in this thesis. New correlations that will satisfactorily represent the flow of brine flashing through
submerged orifices are presented. The correlations are developed for a stage pressure range of 7.0 psia
to 22.2 psia and for brine concentrations ranging from fresh water to 3.4 times the concentration of
normal sea water. Four sizes of round sharp edged orifices and three sizes of square sharp edged
orifices were used.

The investigation was carried out in a two-stage single-effect flash evaporation saline water conversion
pilot plant. The correlations are based on the fluid properties evaluated at the high and low pressure
stage conditions. .The best correlations for the high pressure stage conditions and the low pressure
stage conditions respectively are as follows: (Q(AP)*2 gc™1/2)/(u*2 A*3/2) = 37.83((DAP
gc™/2)/(uAr1/2))71.826 ((pAMAP))*-0.7434 (Q(AP)*2 gc™1/2)/(u 2 A*3/2) = 33.05((DAP
gc™1/2)/(uar1/2))71.830 ((pAMAP))*-0.7349 The exponents were determined by performing a multiple
linear regression analysis on the logarithms of the dimensionless groups for 93 experimental points.
The multiple correlation coefficient for the regression analysis is 0.9952 for the upstream stage
conditions and 0.9949 for the downstream stage conditions.
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ABSTRACT

The flow properties of salt water flashing through submerged
round and square orifices are investigated in this thesils. New corre-
lations that will satisfactorily represent the flow of brine flashing
through submerged orifices are presented. The correlations are developed
for a stage pressure range of 7.0 psia tc 22.2 psia and for brine con-
.centrations ranging from fresh water to 3.4 times the concentration of
normal sea water. Four sizes of round sharp edged orifices and three
slzes of square sharp edged orifices were used.

The investigation was carried out in a two-stage single-effect
flash evaporation saline water conversion pilot plant. The correlations
are based on the fluid properties evaluatéd at the high and low pressure
stage conditions, .The best correlations for the high pressure stage
conditions and the low pressure stage conditions respectively are as
follows:

_ 1.826 -0, 7434
2 1/2 1/2
alan’e . 35785 | DAP gc/ P
23, T ~1/2
yvs 7\3/2 M N A p
1.830 -0.7349
Q( A P)2g01/2 = 33 05 D'A.'P. g,c:f—/z /O/\
2 .32 7 Mo N2 AP

M A

The exponents were determined by performing a multiple linear
regression analysis on the logarithms of the dimensionless groups for
93 experimental points. .The multiple correlation coefficient for the
regréssion analysis is 0.9952 for the upstream stage conditions and
0.9949 for the downstream stage .conditions.
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INTRODUCTION

Several Investigations have been nade on the flow characteristics
of two phase flow of various liquids and gases through orifices, short

tubes and abrupt expansions in general.

The purpose of thils thesis 1s to specifically investigate the
flow of flashing salt water of varlous concentrations through submerged
round and square sharp edged orifices and to obtain =& neﬁ set of cor-
relations that will satisfactorily represent the two phase flow of salt

water In terms of the physical conditions of the flashing.

The reason for the interes@ in the flow .of flashing salt water
through orifices is to obtain design correlations that can be used in
the design of large multi-stage flash evaporation saline water conver-
sion plants. It is desired to obfain a correlation that does nqt require
a knowledge of the quality of the fluid to satisfactorily predict .the

two-phase flow of flashing brine through .orifices.

Pasqua (22) investigated the metastable flow of freon-l2 through
short tubes, Experimental.data as well as photographs show that éatur~
ated and subcooled liquid freén?lZ flowing through short tubes 1s not
in a..stable equilibriﬁm state. .The folléwing correction factor for the

standard orifice equation was developed:

G .= ceczy/zgc (Pg - Py)

— 0.5
Ce = | — %
0.37(L/D)  — Px/Pg
= : +1
¢y~ 1~ .37(L/D)°? N
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G = mass flow rate of fluid (mass per unit area per unit time)
Ce = coefflecient of contraction
Cy = coefficient of velocity of an orifice

L = length of tube

D = diameter of tube

P, = saturation pressure of the liquid

fD = density of fluid (mass per unit volume)
EX = discharge pressure (force per unit area)

standard .coefficient of discharge

Q
It

Isbin, Moy and DaCruz (13) developed a method of measuring the
critical flow behavior of steam-water mixtures for flow in pipes and

annular spaces.

The homogeneous flow model for evaluating critical discharges for
low qualities was demonstrated to be inadequate. The flow is correlated

on the basis of quality.

An approximation of the Martinelli (17) correlation of Rg was
obtained by Isbin, Moy and DaCruz for the steam-water system as follows:

R =aX+bDb
g
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3=

a and b = constants to be determined for each range

X = quality
[/ = specific volume (volume per unit mass)
/4,: wiscosity
subscripts:
f = fluid
g = gas

Min, fauske and Petrick (19) have studies the effect of shape of flow
passages on two-phase critical flow. Saturated and subcooled freon-11
was discharged into a vacuum thrﬁugh short tubés and orifices. The
different geometric shapes of sharp edged orifices used were: circle,

triangle, square, eye-shape, W shape and rectangular.

A modified cavitation number was defined which was plotted on a
log log plot against the Reynolds number. The cavitation number was

defined as follows:

! AP L

C = —_—

AR

28,

o
Il

velocity
fji = 1lnitial density

AP

pressure difference




T

[
I

length of tube or orifice

W)
1l

diameter of tube or orifice

Bailey (3) investigated the metastable flow of saturated water.
Short tubes, nozzles and orifices were stud;ed.in this investigation.
A correction coefficient was developed for the general orifice equation

as follows:

6 = 0ol J/28,(P = By) /v

0.5 5 ~-0.435

o Z

Ce = 1.0 - 17200 K(L/D) \/~

. 1/2
K = 3‘..,52(106)(13/1;1)300 772 [(PO - P,) \/] /(Pg - P,)

@ = mass flow rate

Ce = correction coefflcient

C = =standard coefficient of dischérge
K = .coefficient of evaporation (time'l)
‘L = length of orifice

D = diameter of orifice

V = specific volume of -liquid

Py = initial pressure

Z = graphical factor (function of Py, Py and Py)
Py = saturation préssure

Py = exlt pressure

Pe = critical pressure of the liguid
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Sudden contraction pressure losses in two-phase flow were inves-
tigated by Gelger and Rohrer (10). The separated flow model was compared

with the fog flow .model.

The fog flow model was the best predictor for their experimental
data. The following correlation was developed for the 200 to 500 psia

pressure range:

g
1l
N PO

. 2 .
e —_ l-CT +KTPC

Epp . = (0% -1) + 2X2_/b— Oég - dzg
¢ 8 Ry R5Ce
= X o
.20 -x)/ - t
(% (1- Ry) (1 - Ry)C,
2
. X3 /ETE /égg 3 lg(j-
52 > 2 2
/Og R2 QC R,l :




Y-
X = mlxture quality, mass of vapor to mass of mixture flowing

area contraction ratio AB/Al

” 9

= vapor volume fraction
= momentum correction factor

kinetic energy correction factor

Hahg

= 1liquid phase subscript

vapor phase subscript

15}
I

C, = contraction coefficient of vena contracta
/<7 = density, mass per unit volume

f) = density of homogeneous two-phase fluid
subscript 1 = upstream of area change

at vena contracta

subscript 2

downstream of area change

subscript 3

The .test range for the correlation 1s given in the following table:

G(LB/ER-FT?) x 10° X
on Min ’ Max M?x
0.398 0.520 |- 1.824 0.265
0.253 0.902 2.850 0,245
0.144 1.560 4.820 0.160

Murdock (21) investigated the measurement of two-phase flow wilth
orifices, Some of the two-phase systems studied were: natural gas -

water, natural gas - salt water, air - water, and steam-water.
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The range of the ratio of orifice diameter to internal pipe dia-
meter for this work was from 0.26 to 0,50. The following correlation

was developed:

A Prp AP

—_—— = 1,26 + 1.0

VANRZe! A Tg

AN PTP = pressure drop for two-phase flow
APy = pressure drop for gas flow only

ATy

pressure drop for liquid flow only

This correlation fits Murdock's results very well, but the quality
of the flow must be known to compute A\ Py and zS.PG. Murdock combined
his correlation with the American Society of Mechanical Engineers'

standard flow equation to give the following correlation for two-phase

flow:
.2
359 Kgig Fo & [/ hupp [
W o= i
KA Y
(L -~y) +1.267y g G é%
L %
W = weight rate of flow (1b/hr)
KGY = product of flow coefficient and net expansion factor
for gas flow through an orifice
Kr = flow coefficient for liquid flow through an orifice (YL‘= 1)
Fa = factor to account for the thermal expansion of the orifice
hWTP = effective differential head produced by two-phase

flow through the orifice, in inches of water




£ liquid weight fraction

o
I

o
1l

orifice diameter, in inches
=
(7

The flow of steam - water mixtures in a heated annulus and through

"

density of the vapor

density of the liguid

orifices was studied by Hoopes (12). A homogeneous two-bhase mixture 1is
assumed in developing the flow model. The following correlation is

based on vena contracta conditions:

A Porp (- x)2' . 'Vg,xz
VAN Por Rf | Vng
R = fraction of cross-section occupied by a phase
X = quallty (We/W)
W = weight rate of flow, mass per unilt time
g = gas phase subscript
f = liquid phase subscript

L) = specific volume; volume per unit weight

D PoTP = two-phase orifice pressure drop based on W

it

A&Pof orifice pressure drop if W lb/sec‘of liquid .were flowing

Rg = (L — Re)

The flow .of saturated water through throttling orifices was ir~
vestigated by Benjamin and Miller (4). The results were presented in
graphical form and .required that the quality be known to predict the mass

flow rate for a gilven pressure difference. .The dounstream pressure was
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lower than the saturation pressure of water at all times.

A typlcal graphical result is as follows for an initial pressure

of 75 psia:

doo00 [~ i
6 QWwWoOF &-?\\\\\

2000 [ e o

p
x=OuO"7t /
/000 —
l l
20
yo p

G = mass flow rate (lb/hr-ftz)
Py = back pressure (psia)

X = quality (1b steam/lb water)

Thelir results showed that the flow of a two-phase mixture was

less than a single liquid phase at all times for the same conditions.

Gelger (11) has measured the two-phase flow pressure drop at a
sudden contraction in water at 200 and 600 psia. The data can be

correlated by a homogeneous model, The correlation is as follows:
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CC

X

contraction coefficient

H

Il

quality in welght per cent

Y, = specific volume of liquid

J fg = gpecific volume change dur;ng evaporation
v

o

i

fluld velocity

area ratio, area of the contraction to the area of
the main pipe h

PL = density of the liquid
g, = conversion constant (32.2 ft/secz)

A\ P = pressure drop due to contraction

The flow of satﬁrated boiler water through knife-edge orifices in
series was investigated by Monroe (20). Dimensional analysis was applied
without success. An acceptable £it .of the eXperimental results was
obtained with a correlation that had the units of the acceleration of

gravity on each side of the equation.

-The following two groups were plotted.on a log log plot to obtain -

the empiridal constants for the correlation:
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2 ’ 2
(Py - 2,) ' M

The resulting equation was then solved to give the following equation:

OQ8 laL,'
. . 25300 (Py - P,) /\/L
' 3/l 2.4 1.2
N (T/1000) /‘)
G. =-mass flow rate;, mass. per.unifcareaiperiunit time
N = number of orifices in series
/A\= upstream viscosity
(Pl-Pz) = pressure drop across orifices
T = upstream temperature, absolute scale
fj = upstream density
The number of orifices in serles investigated .in this work was
five.

Even though this equation is not applicable to a single orifice
it is of inbterest in this thesls because the final correlation does not

involve the quallty of the two-phase flow.

The flow varies as the 0.8 power of the pressure drop, not as the
0.5 power which would relate to the standard orifice equation. Monroe's

work shows that it is possible to satisfactorily correlate the flow. of
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flashing liquild through orifices without a knowledge of the quality of

the flow in the orifices.

Flow correlations for the flow of flashing salt water of wvarious
concentrations through submerged square and round orifices in a single-
effect two-stage flash evaporation saline water conversion pilot plant
are developed 1in this thesis. The final correlations presented .do not
use the quality of the flow in the orifice as a parameter to predict the
total flow of flashing salt water. Two sets of correlatlons aré pre-
-sented. One set in terms of the downstream stage conditions and one

set in terms of the upstream stage.co,nditions°




THEORY

The technique of dimensional analysis was performed on the
several variables in the flow system. The variables considered .are
Q, D, P ,At, AP, M, A and Cp. The symbols are defined at

the end of this section.

The entire theory of’dimehsional analysis can be summarized in
Buckingham!s theorem which is stated as follows, "If an equation 1s
dimensionally homogeneous, ,1t can be reduced to a relationship .among
a complete set of dimensionless products." This theorem 1is., by no means,
self-evident. An algebraic proof of the theorem is given in Chapter 4

of Tanghaar (15).

The number of dimensionless products in a complete set 1s equal
to the total number of variables minus.the rank of their dimensionial
matrix, The variables in this aﬂalysis have the following dimensional
matrix in the M, L,.6;.t system. The symbols are defined at the end

of this section.
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The determlnant at the right side of the matrix is evaluated. The deter-

minent is:

Since this determinant is not zero, the rank of the matrix .1s four.
There 1s no theoretical reason for picking the determinant at the right
side of the matrix; if the matfix.contains any fourth order nonéero
determinant; 1ts rank is four., The number of dimensionless products

in a complete set for this analysis .is 8 - 4 = U,

.The following are the homogeneous linear algebraic equations

whose coefficients are the numbers in the rows of the dimbnsional matrix:
EB + @5 + ﬁ6 =.0

Jky + K, -‘3k3 - k5 - K o+ 2E7'+ ZKé =0

- ky - 2k - kg - 2Ky - 2Kg = O

K - kg =0

The .equations are solved generally ‘for k5, k6’ k7 and k8° The result is;

k5 = Zkl + kz - k3
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k6 = -2ky - k2

=
)
1l

-3/2kq - 1/2k, + ks - ky

The fifth,, sixth; seventh and eighth columns in the matrix'of
solutions are the coefficients in the equations for k5, k6"k7’ k8.
The first fourAcolumns of the matrix of solutions consist of zeros,
except for ones on the principal diagonal. The following is, then, the
final matrix of Solutions:
Q| D R jAr AP I M| A | %
T, x| o o] o | 2]|-2]-3e :
TTZ 0 1| o 0 T R 0
(,TB 0 0 1 0 ST O 0

TTQ 0 0 0 1 0 0| -1 1

The -following four dimensionless groups are obtained:

2
- Q (AP
ﬂ/l /"‘»2 7\5/2
TT _ DAP
2 B MAl/z

T - £ N

3 PAN:
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77;_: Ath
A

The units of force are converted from poundals to pounds using the con-
version factor of 8o poundals in one pound (gc = 32.174). The four

-dimensionless groups in the pound-force pound - mass system are as

follows:
2 1/?
,}T ) Q (AP) 8,
VR
1/2
TT D AP g
N ./VL 7\1/2

> A
yANY

&

T, - 2%
* A

Since the four groups form a complete set, the following relationship

is true from Buckingham's theorem:

TTl =/ (772’ /’TB’ Wu)

A logarithmic expression has been tried with good success. The follow-

ing is the form of the correlation:

lnﬁl=/3)l+(321nﬁ2+/931n ﬁ3+@41nﬂ4
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This same expression can also be given in the following equivalent form:

T, - @ﬁl (@)/32 (TT3)/J)3 (1‘(4)/34

The /C? values are determined by performing a multiple linear regression

analysis on the experimental data.

A second dimensional analysis was performed on the several vari-
ables with the additional restriction that the flow rate be proportional
to the square root of the pressure drop as it is in the standard orificé

equation. The variable K is defined as follows:

e = x(ap?
1/2
K = Q/(AP)/
K = #0, Q. A, M A, ¢

The resulting dimensional matrix is:

x| pjas [Pl M NG
M | -1/2 0 .0 1] .1 0 0
L | 7/2 1 0 |-3 | -1 2 2
e 0 0 0 0 | =1 |=2 | =2
t 0 0 1 o' 0 0 | -1
k, k, k3 L k5 L .k7
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‘The determinant at the right side of the matrix is:

-1 1 0 0
-3 -1 2 2 ‘
= + 2
0 -1 -2 -2
0 0 0 ol

As thls determinant is not Zero, the rank of the matrix is four. The
number df dimensionless products in a complete set for this analysis

iS7—4=3.

The following are the homogeneous linear algebraic equations whose

coefficients are the numbers in the rows of the dimensional matrix:

-1k +k +k =90
1 4 5

k -3 -k k 2k =0
7/2 kl + > 3 )y 5 + 2 6 + 7

The equations are solved generally for ku’-k5’ k6 and k7. The result is:
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k% = (5/2) ky o+ K
k, = -2k, -k,

ke = ky + (1/2) k, - kg
k7 = k,

The following 1s the final matrix .of solutions:

K D |At /<3 M C
—
ll 1 0 0 | 5/2 -2 {1 0
ﬁFT; 1 1 0 1 1| 12 o
T]g 0 0 1 0 0 | -1 1
The following three dimensionless groups- are obtained: . i
5/2 5/2
m-Ke e p A
: 2 (A R a2

AY D /? ,;\362 |

At o
37 T

The three dimensionless groups in the pound-force poundfmasé system

=

are:
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3 A

Since the three groups form a complete set, the following relationship

is true from Buckiﬂgham‘s theorem:

Ty = (T, 1T

A logarithmic expression was used as follows:
In 17. = in 17
| n 77’1 (3:l-+ %32 in 17’2 + /33 n 7 5

This expression can be written 1n the equivalent form as follows:

77’1 - 6 /32 'TTB/j

The expression contains three empirical constants which wére determined

by a multiple linear regression analysis on the experimental data.

Mu;tiple regression 1is used to develop a quantitative equation
relating a-dependent variable with several independent wariables., In

multiple linear regression, any number of independent vériables_may be
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considered, but here the method will be demonstrated using only three.
If we assume that our dependent variable is a linear function of each
of the three independent variables, we postulate a model for multiple

linear regression, as described by Anderson (2):

Y = b, +Db X2 + b3X
where Y is the dependent variable; X2, X3 and XM are independent vari-
ables; and bl’ b2, b3 and b4 are unknown population parameters. Using

the available experimental data, we estimate these parameters and

obtain: .,

LA ﬁl+ sz2+p3x3+ﬂ94x4

where /:?l’ /G?Z’ /93 and /3’4 are estimates of the population para-

meters; and Yp 1s the value of the dependent variable predicted from

specific values of X

ji?B and f? y

X X3’ and Xu using the estimates /(Pl, /92,

v

We estimate f3 1 %92, /9 37 and /3 y by using the method of

least squares. The sum of squared errors between the observed value Y
and the predicted value Yp is minimized by taking the partial derivative

with respect to each parameter and setting each result equal to zero,

The error is:

E=Y'szy'ﬁl'[°)2X2' 3X3-/)>4X4
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Squaring E,.summing over all sets of data, and taking the partial deriva-

tive with respect to /E?l gives:

J E}_'Ezj ) ZEQ(Y"ﬁl'—/@?(Z "/QBXB "@uxtg)z:l
3/}1 8/31

2y @By B B - )
S EaRCRR SRV D SN oY)

Setting the derivative equal.to zero gives the minimum sum of squared

errors, and we get the following:

“ﬁl*ﬁz)xz*’/’)BZXB*ﬁuZXu:Z !
Similarly, taking the partial derivatives with respect to/fg . /693*

and(/3 n and setting each result equal to zero, yilelds three more

equations:

/jl 2% +/322(X2)2 + /3)32}(2)(5 +/3LL Exzxu

Z XX

i

ﬂl zx.sf/jz ) TEy 3 Z'(Xa)z ¥ puZXBXu ) XY

/312"4*/3)22—"2}‘4*552%+/34§<X4>2= A
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The four equations may be solved simultaneously for /é?l’ /éPZJ [493,

and /5?4, after the summations are evaluéted from the data.

A bivariate correlation coefficient r may be calculated for any
two variables that are selected from a bivariate normal ﬁopulation. It
has a value of zero if there is no relationship between the variables;
and it has'a value of +1.0 or -1.0 if there is respectively a perfect
positive or perfect inversg'relationship (that 1is, given the value of
one variable, we could determine the value of the other exactly). .It is
used as a measure of the degree of relationship between two variables,

. The bivariate correlation coefficient is defined as follows:

‘ n > XXy - {2 %) (3 ¥%3)
V [1’1 Z (X2‘)'2 - Z XZ)‘Z:, [1’1 Z (XB)Z - Z‘ X3)2j

r
23

The multiple correlation coefficient, R, .combines the effects of all the
relationships among the dependent and independent variables, and yields

a single numerical measure of the overall relationship. .The multiple
correlation coefficient varies from zero for no correlation to 1.0 for
perfect correlation. As stated by Anderéon {2), t&pical experimental
data rarely yiéld_coeffiéients above 0,94, and even 0.8 may be considered

good in some applications,

The square of the multiple correlation coefficient, Rzl may be

considered as the fraction of the varlability in Y attributed to its
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dependence on the various X's; and (l-R2) 1s the fraction attributed to
experimental error, random fluctuations,; and deviations from the assumed

linearity.

The square of the multiple correlation coefficient 1s defined for

the three independent variables of this example as follows:

. B3 B3+ BT n s BT ax- (s

g2 . 1
PR ZY)Z/n

The standard error of estimate of the multiple regression is defined

as follows:

> [ S0 @ B By Bua sl

n-m-1
where m equals the number of independent variables,

can also be written in the follOwing equlvalent form:.

y m+1,

Z¥2 - ( Z Y)E/n -2_ ﬁj( > XY - (EXJ-ZY)_/n)

n=m=1

o-.=/,

The standard error of estimate is used as a measure of the accuracy with
which the regression equation can predict the dependent variable, The
standard error of estimate is used also with the t statistic to obtain

a confidence limit for the regression equation.
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For a large sample that follows a normal distribution, 68.26% of
all the experimental points will be found within plus or minus one
standard error of estimate of the regression line. The confidence in-

terval of the predicted observation is:

Y + t( Ot/z)(j“

where ol 1is the confidence limit desired and t is tﬁe corresponding
value of the t statistic for (n - m - 1) degrees of freedom. As an

example, for 90 degrees of freedom and a 90% confidence 1limit, the

value of t is 1.68,

A computer program has been wrltten to perform the multiple

linear regression analysis and to compute the additional desired

statistics,

Definition of symbols used: The units given in parenthesis are
those used in the engineering pound-force pound-mass system and are

the units used in the calculations in this investlgation,

Q flow,rate through the submerged orifice (ftB/hr)

D

diameter of a circle with the same area as the
orifice (ft)

(O - density of the liquid (lb/ft”)
AN

temperature difference between liquid .in upstream
and downstream stages (°F)

AP

pressure difference Between upstream and down-
stream stages (1b/ft%)
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/LL‘ = dynamic viscosity of the liquid (1b/(ft-hr))

= lateﬁt heat of vaporization of pure water at the
stage temperature (ft-1b)/1b

cp = heat capacity of the liquid (£t-1b)/(1b-°F)
m = mass

L = length

e = time

t = temperature

n = number of experimental .observations
.m = number of independent variables

e = natural logarithm base (2.7182818)
1n = natural logarithm

77/1 = dimensionless groups
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DESIGN AND CONSTRUCTION OF APPARATUS

The process flow dlagram of a two-stage single-effect flash evap-

oration saline water conversion process 1s given in Figure 1. .Starting
at the main brine pump .the brine 1is pumped into the heat exchanger tubes
in stage two and then passes info stage one and then into the steam heat
exchanger. At this point energy 1s added to the brine stream and it;i
flashes as 1t passes through valve A going into stage one. The brine
inithe heat eXchanger tubes in stage one 1s cooler than the flashing
vapor so the vapor condenses and drops .into the distilled water catch
tray in‘sfage one. The brine then flaghes through a submerged orifice.
into stage two. .The resulting vapor condenses on the stage two heat
exchanger tubés and drops into the distilled waﬁer catch tray. .The
brine leaves stage two and passes through a cold water heat ex-

changer where energy is extracted. Some of the concentrated brine is
taken Off and some fresh feed added at thils point. The resulting

stream goes to the main brine pump.

The brine flow is controlled at valve B and the steam to the
heat exchanger is controlled By valve D.. A small vapor bleed to vacuum
to get rid.of non-condenslble gases 1s controlled by valves C and c'.
The flow_of cold water to the cold water heat exéhanger is controlled

be valve E.

A general .dlagram of the two-stage single-effect flash evapora-
tion saline water conversion pilot plant used 1n thls research is given

in Figure 2. The main body of the apparatus was .constructed of 1/4-inch
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mild steel plate. The area of the condenser ﬁubing,in the first stagé
was 45 square feet and the condenser tubing area in the second stage was
38 ft2. The. steam heat exchanger. was a double pass shell and tube type

with a heat transfer area of 76 square feet,

The main brine pump was .a 7-1/2 HP centrifical type with a rota-
tion speed of 3300 RPM. A measui ring orifice was inserted in the flow
line between the pump and the stage two condenser tubing. A mercury
manometer was connected to pressure taps on eithér side of the metering

orifice,

A condensate measuring tank was connected to the distllled water
catch trays and a small pump was installed to return the distilled
water to the suction side of the main brine pump to obtain a steady

state concentration during operation.

The overall dimensions of the first stage were as follows:
length 66-1/2 inches, height 46-1/2 inches; width ~20’/inche_s° The' over=
all dimensions of the second stage were: length 48 inches, height 40-1/2
inches, width 20 inches. Avdimensioned.scale drawlng of the main body

of the apparatus is given in Figureée 3.

Taps with rubber septums were located 19 inches 1n front and in
back of the submerged orifices dividing stage one from stage two to

allow the brine solutlon to be sampled wilfth a hypodermic needle,
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Pressure taps .located 22 inches 1n front and in back of the sub-
merged orifices and 20 inches up on the sides were connected .to a mercury

manometer to measure the pressure differential between the two stages.

Thermowells were made from 6-inch lengths of 1/16-inch diameter
copper tubing sealed at one end and mountéd through Swagelock brass
fit’c_ingsn Figure % shows the therhocouple locations on the apparatus.
Thermocouple RCD was connected to a continuous recorder. All thermo-

couples were Iron-Constantan couples.

Figure 5 shows the locations in the plates and the dimensions of
the round and square orifices. The platés were placed between the
stages with rubber gaskets and sealed with Perﬁatex liguid gasket. .The
largest round orifice and the largest square orifice have approximately

the same area.

The temperature difference between the two stages was.obtaingd
from an Iron-Constantan thermopille of 5 thermocouples placed in
oppositlon across the two stages. The thermowells were located at points
A and A' on Figure 4. The .output .voltage from the thermopile was. meas-~

ured on a .vacuum tube voltmeter.

All thermocouples were calibrated at several temperature levels

against a preclsion thermometer and an ice bath,
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PROCEDURES

Flow runs were set up to try to cover as wide. a range of pfesgure
and‘temperature conditions .as would be possible with the existing appar-
-atus. .The stage pressure range .varied from about 7.0 psia to around
‘22,2 psia, Brine concentrations varied from fresh water to approximately
3.4 times the concentration of sea water. Experimental runs were made
for 4 round orifice sizes and 3 square orifice sizes with various con-
centrations of salt water and with fresh water. .The approximate range
of the Reynolds number for the brine flowing through the submerged

‘orifices was from 90,000 .to 400,000,

A synthetic salt water with twice the salinlty of sea water was
prepared from commerclal chemicals and city water. The following is

the recipe used to prepare .a brine of twlce the concentration of sea

water:
Chemiéal | Weight in Pounds
MgSO | 10.65
MgClo o 7.90
KC1 2.38
NaCl 89,00

The chemicals were dissolved in enough watef to make 25 cublce feet of
solution, This mix gives'a chlorisity,; as defined 1in the Saline Water.
Engineering Data Book (22),.of 39.% for twice sea water., The chlorisity
of normal sea water is glven as 19.862, .The concentration of the .salt

water was varied by eilther diluting with elty water or by allowing the
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‘apparatus to concenfrate the brine by not reéomblning the product distil-
led water stream with the main brine stream., The salt water was mixed.'
and stored in an epoxy lined tank to prevent corrosion. A valve com-
bination allowed one to fill the apparatus from the brine storage tank

and restore in the tank after a series of runs.

Thé. metering orifice was calibrated with fresh water by, running
the water through the orifice and into a measuring drum with a quick
opening wvalve. -The time for a measured volume of water to run into the
drum was measured with a stopwatch for various manometer readings. The
orifice was .callbrated for flow rates from 22 to 260 cubic feet of water

per hour,

Pressure gages mounted .on the side of each stage were calibrated

with a dead weight calibration instrument. -

.Thé concentration of the brine at each stage was obtalned by a
chemical analysis of a bririe sample extracted from each stage. The
total chloride in a 4-ml sample was obtained using the Mohr method of

silver nitrate titration.

The submerged orifices were .checked for abnormalities by running
cold water through the apparatus and plotting the square root of the
metering orifice manometer reading vs. the square root of the preésure
differential between the stages for steady state flow. The results can

be seen 1n Figures 6 and 7 in the appendix for a round.orifice with a

N
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0.75 inch dlameter and a square orifice with a 0.65 inch edge'length.

The method of operétion of the apparatus is quite straightforward.
Brine was pumped through the apparatus with the ma.in brine punp. (See

Figure 2). The steam flow rate was.controlled by an automatic control

.valve which was referred to the temperature reading at thermocouple

CTL1. (See Figure U),.

The level .of brine in the apparatus was between 10 to 14 inches.

.The leyel .of the brine was kept as nearly equal as possible in the two

stages during a run. .The brine velocity in the apparatus was very slow

compared to the flow through the submerged orifice.

. The apparatus was operated uwntil a steady state condltion was
reached and then measurements were taken for the conditions of the run.
Thermocouple RCD was attaphed to a continuous,recorder and steady state
was not assumed until temperature RCD along with the brine level in
thé stages and the metering orifice manometer had been constant for a
period of 20 or more minutes. .The brine levels were observed through

sight glasses attached to the two stages.
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DISCUSSION OF RESULTS

A listing of the computer program that was written to process the
raw data 1s gilven on page 535in the appendix. Following the computer
program are the subroutines required by the main line program. The pro-
gram was written by the author. On page 6 # in the appendix are the
tables of data for density, viscosity, latent heat of vaporization, heat
capacity, millivolts vs. temperatufe, and flow rate vs. metering oriﬁice
reading used By the computer program. The tables were all obtained
from the Saline Water Conversion Engineering Data Book (22) except for

the flow table which was obtained from direct measurement.

. The Intermediate data in a form suitable for multiple regression
analysis 1s given in Tables III, IV, V, VI in the appendix. The form

of the output 1is described on page 8 %in the appendix.

.Two separate multiple linear regression computer programs are
used in the analysis of the data in this thesis. The first program was
written by Ingram (14) and uses the standard matrix inversion method
for the analysis. .This program givés all the bivariate correlation
coefficients as part of the standard output. .The program also gives a
t test on each fegression coefficient to test for 1its significance.
The disadvantage of this program lies in the matrix Inversion method .of
analysis. If two of the independent variables are proportional or at

least close to proportional, one row in the matrix becomes a linear com-

bination of another row and the matrix becomes singular (i.e., 1its deter-

minant becomes zero and the .analysis’ cannot be performed). A listing

is found on pageb9.
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A second program was written by the author using the methods
described in Borko (5) to overcome the problem of the singular matrix.
.This computer program extracts the error sum of squares for each vari-
able as it computes the regression matrix. The method uses a matrix
transpose instead of the matrix inverse and enables one to compute fe—
gression coefflcients for independent variables that are somewhat

proportional, A listing is found on page 7 %.

The output from the multiple regression program written by Ingram
(14) is fairly obvious. Y is the dependent variable. .The B values are
the regression coefficients for the variables. SB 1is the standard error
of estimate for the regression coefficient. T is the value of the t
statistic for the regression coefficlent. If } 7| > 1.68 the re-
gression coefficient is significant at the 90% level. .PAR R is the

partial correlatlon coefficient for the regression coefflcient.

.DF 1s the degrees of freedom. SS 1s the sum.of équares. MS 1is
the mean square, F 1s the F statistic for the total regression equa-
tlion. The other fterms are defined in the theory section of this thesis.

Variable one 1s a dummy variable in this program and equals V(2) + V(3).

The output of the authort!s program is not as obvious -although
quité stralghtforward. The output on page 3011s labeled and .the rest
of the output follows a similar form. V(1) = 1.0 in this analysls and
the regression coefficient of V(1) 1s the fgjﬁ referred to in the theory

section. Following the regression coefficients is the regression matrix
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as described in Borko (5).° Sigma is the standard error of estimate for

the regression equation;

Two approaches were tried to fit the round and the square ori-
fices to the same regression equation. The first method tried was to
make the characteristic length in the dimensionless groups equal to four
times the hydraulic radius. This was not very satisfactory. The
second method was to make the characteristic length equal to the diameter
of a circle with an equivalent area., Tlis approach was very successful

N

and the final correlations are based on this premise.

A regression analysis was performed on the general eorrelation
including all groups. -The value of the t statistic for the /3 values.
corresponding to V(8), V(9), and'V(ll) are respectively 19.82, -U.74,
and -0.51 for the conditions of stage I and 19.20, -4.79, and -0.69 for
the conditions of stage II. .V(8),.V(9) and V(1l) are defined on page
.85. The absolute value of the t statistic is less than 1.68 for V(11)
in both cases so we can assume that /3 11 = 0 at the 90% confidence

level, The regression analysis was rerun not including V(11).

As can be seen from the regression analysis in the dimensilonless
group A\ t Cp/;\_ did not make a .significant contribution to the re-

gression equation when all groups were included in the analysis.,

The results for the general regression equation are given in
Tables I and II for various combinations of groups. The general re=

gression equation is as follows:
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ARG

AP gcl/z ) ’Bl DAP gcl/2 /37\‘ At Cp
/%2 )\3/2 6 M >\1:2 A P V A

The zeros in Tables A and B signify that the variable was not used in
that particular regression analysis. Table I is for stage one conditions
(the upstream stage) and -Table II is for stage two conditions (the

downstream stage).

TABLE T

STAGE ONE RESULTS

/31 ‘ /<98 /99 /G;ll R N fff?
3.633 | 1.826 -0 TH 3l 0 0.9952 0.1286 | 37.83
-8.855 | 2.402 0 0 0.9887 | 0.1964 14272107
-, 798 2.188 0 0.5707 0.9940 | 0.1439 8,.246:{10'3

TABLE IT
STAGE ‘TWO RESULTS
f?l /38I (39 /311 R o Egé
3,498 1.830 -0.7349 o 0.9949 | 0.1280 | 33.05
| -8.879 | 2.409 0 0 0.9877 | 0.1977 | 1.393x107"
4,786 | 2.174 0 0.5788 0.9936 | 0.1432 8.3U6x107°

11
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The best correlations are those with the largest value of the multiple
correlation coefficient, As can be seen from‘Tableé I and II the main

-correlations resulting from this work are as follows:

l.‘826 '0'743}"' -~
2 1/2 1/2
.Q’( AP)gc ) _ 37 83 D4 P gC/ ) /) 7\
2 .3/2 T Y (.
M A3/ | M )\ /2 | A\ P
‘ 1.830 -0.7349
> 1/2 1/2
Q(AP) & _ 3505 DA‘P 8c pk
2 <3/2 A | 1/2 AP
S dalp

The 90% confidence interval 1s equal to.

UL P)2 501/2 + 1.68 O
T2 3/2 6
M A

The 90% confidence interval for the mean value of

2 1/2
al AFR) gc/

2

for the .conditions of the upstream stage expressed_as a percentage is

+ 2.8187% and for the conditions of the downstream stage it is + 2.8811%.

The multiple correlation coefficlent for the second dimensional

analysis that assumed Q proportional to (A P)l/2 was .equal to 0.9580
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-which 1s good but which does not compare too well with a value of
R = 0,9949 for the first analysis. The regression coefficients for
the second analysls can be obtained from Tables X and XI in the

appendix,

An attempt was made to f£i1t the standard orifice equation by

obtalning the /3 values on the following eguations:

(E?l /f;24 /f323
e = 2 T(ap (D)

A = (AP)ﬁZLL (D)@ﬁ (P )p')28

The multiple correlation coefficlent was equal to 0.8589 for the first

o
i

equation and 0.8603 for the second equation,

A statistical factor analysis using the principal axis method and
the varimax rptation method as deéscribed 1n Borko (é) waS‘gegﬁbrmed
on thé data. .Results were 6bta1ned,that-we;e;sn@erior to the standard
orifice equafion.but not nearly as good as the method of dimensional
analysis. .The-combination of variables suggested by factor analysis

.was as follows:

ﬁl‘ + @4- (D) + p]j (AP) + @l (cone) + ﬂ17 ('/\)
ﬂl*‘ ﬁli? (D) + ﬁ1‘5 (AP) + ﬁzl'(cp) + ﬁl'? (A)

O
1

o
]
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Both equations had multiple correlation coefficients of 0.9020 which

is fair.

The percent error for each experimental point for the main cor-
relation for the downstream stage conditions 1s gilven in Table VII. The

average relative error for 93 experimental points 1s Q.0136.

The stgndard orifice equation is compared to the main correla-

" tion in Table VIII by computing a value of Q from the orifice .equation
énd a value of Q from the main correlation., A relative error was cal-
culated based on the Q value for the main correlation. A value of the
Reynolds number for the flow conditions at each experimental point is

also glven In Table VIII. As was expected,; the standard .orifice equa-
tion does not .compare too weil for square orifices. Round orifices

gilve a fair comparison,

The results of the regression énalysis are. given graphlcally in
Fiéures.8,.9{ 10, 11, .12, and 13. The logarithm of the actual value
of the dependent dimensionless group- is plotted on the vertical axis
and .the-corresponding predicted value from the correlation is plotted

on the hordizontal axis for all 93 experimental polnts.

Table IX gives the resulté of the multiple,regressibn analysis
for the downstream stage with D equal to four times the hydraulic
radius. .Tables X and XI give the results of the multiple regression
analysis for the upstream stage and the downstream stage with D equal

to the diameter of a circle with an equivalent area,
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The correlations developed in thils thesis should be able to be

used for orifice design in the design of 1arg§‘multi-stage flash evap-
oration saline water conversion plants. The author recommends that the
.correlations with the highest multiple correlation coefficients be used

for design purposes.

The following are the design correlations recomnended by the

author for the upstrean and downstream stages respectively:

1.826 '007434
s’ 501/2 - s8] 228 gél/z L2
a2 332 - o )'\172 AP
1.830 -0.7349
2 . 1e 1/
AAR) 8. | 3505( DAPE / P2
m2 32 M N AP

The Reyﬁolds number range .of brine flashing throﬁgh a sub-
merged orifice covered by these correlations is from 90,000 to
400,000, .Tﬁgibrine concentration range i1s from fresh water to 3.4 times
the salinity of sea water and the stage pressure,range,poﬁered is from

about 7 psia to approximately 22.2 psia.

)
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