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mathematical constant.

“CL ez SPec,].ﬁl(i heat at constant pressure, kJ/kg °C.
p
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S .9 :f %:accel;eicbat\:i_on of gravity, m/s2 NG
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L Pr =  Prandtl number, “Cp'Yk ‘
| Q = heat flow rate, W
Re = Reynold number, pv D/u y
. ~ . ' 4
" , R = dimensionless éatametgr,, 0 u,/p; ﬁv
'
r = radius of the condensing tube, m.
[y ’ h - 2 .
' T = _temperature, °C. . “
Tui = copdenéing tube inlet water teméerqture,°c.
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=

v = -
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condensing tube outlet water temperature’, °C.

vapor .velocdity, m/s

)

point ve
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- volume flow rate, m3 \/é,
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locity of condensate
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from upper étaéha;ion‘point.

=
o
o water
, .
-
. .
" . 1 Y
B -
7~ " .
. - an ‘
~ LI 4
—~—
. s
A
s
-~ ~ (
Ld
. - “
- Y -
s - i by
v L4 -~
1“ .
- .
. v
’ . v, . 14 4
. “ -
-— - M " e“ W
: K3 } > - i
oo B g
, e D . -
- 9y " “»
- - ~
“
Y et &
P Ld
-
B
- - -
- W
Y . s\ .
" . "

<

-

L4

oil to refrigerant mass . ratio.

(X A

-

<
LT
» L
/o
~
hY
1]
1]
<
-
1 ’
f
-
Iy
-
- ’
“ c
o
t
[}
‘
A}
-
- ‘
-
t
“
B ‘-
»a
.

Bhiat ks wa S st . e

~

[N

L e L m i P B




¥

-y :"twn‘ﬂ\’%w

P

et T

- .

- \ v . R 7
’ =" '\ ) - ’ . .'~‘&7 A4
R . T et g . N
' ! <7 ~ r - & l :
v ‘. ' ¥ 1 L4 ! * 5 - 5. ‘ ‘\ L
- ¢ ~ . 4 - > L ~
A}
’ ) s " N + | IS - \I
~ . ' . - Y . Nt ya
1 - . » hatd N \ L
- . N 3 R ', £y
- - DA TR N '
> . o » » ) !
Greek; . : ’ o : A -
"‘ ) - ’.‘ T - " A
b PN N » ‘ k] ’ . o '
AT = > film temperature drop, C. - s CN e
» MY ’ . ) L‘ ’ " . N ! ’ o -
8- = _thickness of condensate film, m. . = ¥ v v
~ . ~ ' v
g 2 > i D » ;/».'
u. = .dynamic viscosity, kg./m.s. N ' o
N D > . e - ) - ! ' . e, 5
, _ P = _density, kg./m3 - . v - .
‘ . ] . -~ »
- - - i P -~
. .8 = angle, measured from top of tube,. .
4 S - ’ » , ~
.¥ = as defined by equation (5.34). .~ v ¥
* v -~ ' ' ] " o
: v, ‘ ¢
© =~ surface tension, N/m. . .
' N M C . . ) 2 - \‘ ha
oV = klflematlc v1sc0.51t4y, ms__/s. '
;o < . , - \
- . - N ' ‘
. . ! . . * ) : r -
o .o - i [ rr v
Subscript; - ‘ . .
. Cw . o
h“ = high ,‘:" oA Co v -
“ 5 . .
4 * o . ‘f . H ' N
L = low ' o ¢
- \ ~ . -
" ! ’ -
m = oil-vapor mixture. , e i
B 4 - -
k4 " .
N =  Nusselt > e , -
R ' i . .
o = oil. ' P :
! x . i \ ) .
r = refrigerant, o . N
. 8y ’
'8 = condensing surface. | , 4 co-
- ’ R ! to . ' .ow ’
t =  total. : S , , - - g
X > - . - . [ -
v *  vapor. , .o, o .
- . » . ' T .
w = water, » . Y ‘4
' ’ ., .
1l .= first vapor of two vapor mixture : )
: ' 5 ' B \ ' ' )
4 4 second vapor of two vapor mixture ‘ :
L‘ -
L 29 . 4
Ut ' P
- R = ' ¥ ;

b % el e e R 2 ki

PO

S e e e

A




S

._mﬁ “ . . .
- . -
- o .:" ~ - ¥ i A )
¥ L L . .
v » B > Y. w -
b ] e - . ogr I .
k] = "'&.: e ~ .”‘ N +
-t e N~ b i : -
N = A T -
-~ - AT, , - G E
e T Fm e CHAPTER .} -
L") b ~p Cer g . ’
T e ° - g B *
-~ Sl INTRODUCPION '
71, - “ = 4
A \‘:s = o - e ‘ —
- - v - Ty ~, -
- - H e, - y
— v e e - . .7 - e ) _
. =~ The condenser..is a heat exchanger in which the sensible

-

-~

Py

-

<
-~

.

s

s

-

o =

-

I

|

Mt

« i ~ . R - w :
ahd *ratéht _heat' of the condensing vapor are transferred to
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tﬁé ggbliqg‘rmediumf 'A"refrigeratiné' system condenser,
Figure (L, " .removes both the keat absorbed ‘by the
PR, -, .- Pitg .

-y

*ref;igeraht in_the“evaporator and the heat equivalent of the

~ \Qnergy*iaput‘;o achieve compression of the refrigerant. The

A
- W ’

refrigerant is thereby converted back into the liquid phase

~

~at the condensing pressuréand is availableé for re-expansion

into the evaporator.” The condenser has a .major impact on

~r .,

:~ ~ the system efficieficy and energy consumétion.

-«
~

Ry
-
o

St

"Different types of condensers are available in use

" “today, and the one which is studied here is the shell and

tube, water cooled type. In this type of condenser the

cooling water passes through the tubes while the vapor

»

. passes in the 'shell-side and condensation occurs on the

outsid@’surfaqe of thé tube, Figure (2).

(Y
.

Condensation is a process in which a change of phase

takes pla¢e. A sudden change from the gaseous to the liquid
phase occurs and then brings about a change in the density,

viscosity, spepifié. heat’ and thermal conductivity of the

fluid, causing heat energy to be released.
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Two modes of,condensation can occur on a surface when
the surface cools the surrounding vapor below the dew point:

these are termed dropwise and filmwise condensation. The

former- consists of the formation of drops on the .cold

surface. These grow by coalescence and further condensation

until they are removed from the surface under the influence

-
\

of gravity and vapor friction.

+ [
W

o In filmwise copdensation, a thin layer of condensate

covers the cooling surface, increases in thickness due to

'

further condensation”at the liquid vapor interface and flows

away ‘from the condensation surface under the influence of

gravity and vapor flow, but due” to gravity alone -when
stationary vapor is ponsideredi

#

ot PV

.

In " either type of condensation mode, heat is carried

<r N
from the vapor to the cooling surface by convection,.

conduction and mass transfer accompanied by condensation.
In thé“filmwise mode, with the absence of non-condensible
gases, the film formed on the cooling surface provides the

- major resistance to heat transfer from the vapor to the
' Q . 9

‘. ”

surface (1).

¢ ¢

This study 1is a direct result of a nuisance problem

which has long affected the air-conditioning and

refrigeration industry and that 1is the migration of

1

~lubricating oil from the crankcase” of the refrigeration

S

i P I S
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compressor in halogenated refrigerants, which is known to

havg a profound effect on system characteristics related to

' energy transfer from ‘and to the cﬁrculating refrigerants.
Under normal circumstancés, oil presents a problem only with -
reciprocating or rotary compressors siéce the lubricating
oi} for these machines is in direct contact with the
refrigerant gas. The rate of oil discharge is influenced by
the type of compressor, the level of oi} in the c¢rankcase,

.a;dr any refrigerant in liquid form reaching the suction of:
the compressor (2).

In Ref.(3) It is stated that "ma;} of the halogenated
refrigerants in use today are 1nfinite1§ soluble in mineral
- 0ils at any temperature likely to be encountered. R-1ll and
R-12 are examples of such refrigerants. The only limit to-
the amodnt of these refrigerants that the oil é:h‘ dissolvg
is that established by the refrigerant pressure at a given
temperature. Other halogenated refrigerants such as R-22
and R=-114 may show limited solubilites with the o0il at the
evapo?ator temperature and unlimited solubilities in the

higher temperature region of a refrigerant system".

When o0il and refrigerant get together, two modes of
refrigerant—oil‘solution exist, éepending on the mutual
solubility of’ the- 0il and the refrigerant, Ref.(3) states

"completely miscible refrigerants and- oil are ~mutually

soluble in all proportions and at any temperature under



consideration. A mixture of this type always forms a single

liquid phase under equilibrium conditions np matter how much
refrigerant or oil is present, Partially miscible
refrigerant-oil systems are mutually soluble only to a
limited extent. Above a certain temperature known as the
critical solution temperaturel(CST), such an oil-refrigerant
mixture 1is completely miscible and 1its behaviour is
identical to the totally miscible” ‘oil and refrigerant.
Below this temperature, however, the liqﬁid may separate
into two phases. Each phase may contain a substantial
amount of the leaner component in the mutual solutiop, but

these two solutions are themselves immiscible”™. -~

The presence of oil with the vapor at the condensing
sur face, therefore, results in a flowing condensate film of
different ﬁhermal and physical propé?ties than that which
re§u1ts when only pure wvapors are condensed,'tand this- is
knéwn to have an influence on the heat‘tr;p;fer per formance
of the condenser,.although‘Iittle information 1is available
on the subject at present. It is however essential to
guantitatively and qualitatively investigate ‘the effects of
the refriéerqpt—oil mixture on-eondensation‘'heat transfer
based on experimental and analytical studies‘ as ‘ﬁﬁe

condenser plays a .major role in the refrigerant system.

This is the objective of this study. - S

Refrigerants R-12 and R-22, along with tﬁg

-

- ™



"of pure refrigerant condensation.

at

“ . .

‘aIkylbenzene—baseq di} (150 SSU at 37.7°C) were chosen for

this study as they are commonly used in air-conditioning and

tefriberatioq‘, industries. Liguid E-12 and R-22 are

v e

completely miscible with the alkylbenzene-based oil in all
prbponﬁions éﬁd at any‘operating temperature (above -.73°C).
The mixture will form a; single liquid phase " under
equilibrium condigioﬁs. The properties'of the mixtur; are
aifferent ygrom those of ‘ﬁhe pure refrigerant and are
dependent on the oil pef;ent;ge (3y. Consequently, with the
presence of oil 1ih the refrigeéa;t vapor during

condensation, the condensate layer on the tube wall surface

can no longer be treated as a pure refrigerant condensate, .

but rather as a ggfrigeréht-oil solution. Thus, the

céndensihq coefficient is expected to be different from that

-
‘v

As an initial step, single tube tests were performed
without o0il in the refrigerant vapor to compare with the
results from other investigators in the past: These were

followed by tests with predetérmined amounts’ of oil up to 8

L

per cent in weight.
3

* The condensing heat transfer of a multi-tube bundle is
* « by

quite different from that of a single tube. Therefore,
> 4

¢ -

- i .1 N ) vty . 3 :
condensation on four tubes, stacked in a vertical row, was

investigated with the same oil contents as in the single .

tube tests.
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On all test* runs, the heat balances from bo{h
A 7 € . ‘ . * v

A L . . Tk
condensing refrigerant and cooling .. water, .were checked to
o -'. ,1’ . s - ‘ .o Co

ensure that both sides function&d properly. The condensing

coefﬁicieqts were thenfcalculated ffomkﬁhe direct method.‘

- - . ’ * :
r o . .
, A test apparatus, to actually simulate the ' oil carry
. o ‘
L K ! v
over 1into the condenser was designed and presented along

with a special experimentalitechnique for excuting the tests
hl [N 5 N PN
at constant Q@l—to—iéfrigerant mass ratios?

re.

/ i LR ] %
.‘ P | . ""l . . -
. A [ I3 -
Several figures of condensing coefficiepts as function
. “F.

of oil percentage apd £ilm teﬁperature drop were presentgd.
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o > “, r
v " s v .
: .= Y R L. . .. ;. .
Analytical and. empirical equatipns defining +the=®

3
: + » K3 . oY \
condensing coefficient, for both single and multi-tube

Il
LN

cases, with and wighoht oil, were deduced‘and presented. « ¥
4 H .
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CHAPTER 2 ‘, ¢

LITERATURE SURVEY

N -
~
. ! i ¥ \
P K .2 .
: - :
3 - N
0. ;
r. ' - -
' L w ¥
= &

Information concerning the heat transfer coefficient
N . : 'S

dur ing "filmwise condensation rof : steam and halogenate&

ah,

refrigerants condensing on the outside surface of plain

+horizontal ¢tubes is presented iff this.survey. .Low velocity

M

.2 4, . ° .
vapors, high veldcity vapors and the effects of oil on the

film condensation are covered. ) L
) . € T
N Ny N ' AH <+ .;I
hY o FA .
2.1- Condensation of ©0il free vapors:: ¥
. “ >
v 3

&
- ‘ AR )
The process of condensing vapors on tubes and cylinders
, Ap» b

~ \ I <

has beeﬁ treated experimentallywand theoretically by many

. . v .
investigators and great progress has been made with

analyticdl approaches. The phenomenon of film condensation

3

was, first, mathematically ahalysed; by Nusselt (4). He"

. L

‘presented a Eheo;etical relation for calculating the heat

transfer - coefficient of condensing vapor on the outside

surface of a horizontal tube. The theory states that the
condensate on the ‘cooling surface flows down under the
influence of gravity but is retarded by the viscous forces

"t B ! 1
of- the liquid. By combining the law of laminar flow of a

=xflyuid and the heat of conduction through it, Nusselt arrived

1 .

at the following - relation for the mean heat transfer

[

ééeffiqient on a“single horizontal tube: |

o
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mixed vapors conden91ng on ‘a horlzontal tubé. He assumed

-
w\
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h = 0.725 [ , 175 cemme{2.1) y
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According to: Nusselt Si theoryw 59, 4% of the,.total !
’ ‘ = 4 ‘, .
N
condensate rate takes Qlace bn the upper half oé the tube ¢ -
\ k o
N 7 - ; O
and 40.6% on- the lower half (5) o PO 5
Y 4 fev ¢ ! 4 “. - . 3,
i j_ LI S o 5 A ' t Ty ": =t
: - . ".' : R . . '{ P 3
" For a bafik of horizontal tubes in one. Bow, -Nusselt N
. Y y ; » ) ~ ‘ . ¥ B o 30w )
arrived: the following expression 6 ../ . g ¢ v
) : § : : o \
K 3 ;1 . p ¢ K
K *, s 3 = - R ’
’ v / ' ~ - . . ’
v % - - i %
4 % ‘ 2 K ’ voroT
A N g hf ¥ P . 3 ;‘ » . 3 , ~
. 5 9~ 0.25 ©.0.25  *
h = 0.725 4 177, [ 1" =-+(2.2) ¥
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in “which cchdensate’, loading per tube in a row'ls edual to (
.' \ ’ < re
Con , : ‘ L - y )
. the total condensation.rate.divided by the number of tubes LT
) [ ' [ ., v { .
ks * A . . ~ ¢
. . 7 -~ . N
in the row. The analysis does not include the turbulence
5 - . N
. » - ¥ \ * i .
and rippling of the condensate layer when -descending’ from - , v
f v s N L, . h
- » 4 4 \
tube to other below. - . - - ™ P
3 ' ’ 3 R o~
- . v - \_ - ; -~
i . ¢ - - ,' > ‘.
+ 'Nusselt's equation had been verified experimentally and Lo, :
; ' b u - < v
theoretically by -many investigators. ' C. G Klrkbrlde (Gft o
.o
e i
attempted to predict the COeff1c1ent .of heat transfer of two Y %
‘ -~ 3



LY

Sy

u
‘N . %
e K

e . | Y
-~ .

B v '
that Nusselt's equation (2.1) could be used to ¢ompute the

heat(transfer coefficient fon”@&cp component'as if it was
condensfng alofie. The average coefficient was then compdféé
from the equation 7] ’ _ L
@ +h, 0,
. h=——————— mmceeeeeaea (2.3)
' T+, , .

7

which is a weighted average of the coefficients of the two -
components as computed from equation (2.1). The
coefficients are weighted according to the amoﬁnt of heat
Yeceived per wunit time from both condensing vapors. An

average deviation of 10 per cent between the experimentai

"results and the predicted values was observed: 0

»

Edwin M., Baker and A. Muelier (7) concluded thaﬁ‘the
temperature variation around the perimeter 6f a hogizontal
ltube' on which vapor is condensing, is important aﬁd cannot
be neglected in the calculation or determination of heat
‘transfer. The authors described a method for measur ing such
temperature variation and they were thé first among the

investigators to do that.

An extension of the work conducted in (7) was per formed

by E.M. Baker and U.Tsao (B)f The coefficient of heat

transfer from vapor to the horizontal. tube was determined

"

-11 -
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for the condensation of .mixed® vapors of watér and a

- ¢ Al

. . : ' . P N . ’ °
nonmiscible organia liquid. An empirical equation was

derived which was reported to cerrelate the data " presented . é§§’r

. e .~ b !
in (7) as well as the data obtained by the authors. The

equation is - N

N

4 | 0.0284 °
366 — [ 1 - — ]
D D , 1.67

-

1 - 0.0085 vol.% H0 D

A

Equation (2.4), which is in English units, was compared-

o

with the experimental Jresults ‘presented in (6). The
limitations of equation (2.3) are reported to be overcome by

equation (2.4). The results of Ehé“study.show that the

- L

temperature drop has no effect ‘upoh; the heat  transfer’

~

- coefficient, and that ~the heat transfer coeffigient

decreases with the decreaée of tube. diqpéEer, and this
contradicts Nusselt's theory (4). The reported explanation
of this has not been confirmed by other investigé%dréil
Nusselt's theory for the condensation heat traqsfer on
multi-tubular condensers was experimentally checked for the
first time by F.L. Young and W.J. wbhlenberg (9) .

Freon-12 was condensed on a vertical bank consisting of five

horizontal tubes. The heat transfer coefficient for the top

tube was found 1lower than what was predicted by Nusselt's

I - 12 -



theory, but for the “lower tubes, the theory seems to
underestimate it. The relatively higher heat transfer
-4

coefficient for the lower tubes was attributed to the

turbulence and mixing of the condensate layer which were not

‘accounted for in Nusselt's theory. According to the

experimental resulté, Nusselt's equation (2.1) was modified

'fo: the successive tubes in the bank. In evaluating the

theoretical heat transfer <coefficient, the physical
properties of the fluid were taken at an average between the
wall and the vapor temperatures, but no tables of properties

were presented.

R.E.White (10) constructed an apparatus for the direct
determination of the condensing film coefficient of heat
transfer on 15.8 mm (5/8 inch) OD tubes. By direct
measurements of the condensing surface temperature, he found
that the experimental results fall 13 per cent below
Nusselt's theory at all condensing temperatures. This seems
to agree with the results obtainea in (9). According to the
data obtained, Nusselt's equation (2.1) ,was modified as

follows

D u AT

S M

Equation (2.5) is very close to the modified Nusselt

- 13 -
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///équation for the top tube of a tube bank reborted in (9).

/'

It is mentioned that the physicdl and thermal properties

used to obtain the theoretical heat transfer coefficient,

were unpublished and no tables were presented.

Allan P.Colburn (l1l) presented Nusselt's equation fér

7 :

predicting the heat transfer coefficient of high velocity
vapo;s cond;nsing on a horizontal tube. Nusselt assumed
that the entire condensate layer is. in viscous flow similar
to that of stagnant,vapor. The thickness of the condensate
layer was determined by the combined effeéfs of graJity and
vapor. friction at the liquid—vapér interface. The\ heat

gifnsfer correlation as quoted in (1l1) is:

‘where 1 = condensate rate per unit periphery, kg/m.s. .

. X
F, = vapor shear force, kg/m? .

a
A *
’

The condensation film heat transfer coefficients for
individual horizontal tubes in a wertical bank of tubes weYe

investigated experimentally- by B.E. - Short and H.E. Brown

(12) with variable cooling flow rates. Freon-1l1 and steam

. 3 3 .
were condensed on two different condensers each consisting

(RN

- 14 -
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of twenty horizontal tubes mounted in a vertical bank. It

was found that the overall thermal resistance for indivi?uq} .

tubes decreases linearly with the . increase of water flow -

*

rate inside the tubes. The reductf%n~of the water side film_

resfstance was .found to ingrease the condensatioh. rate” on

the tube and hence to fesult in a higher condensing side

thérmal resistancey A comparison between the experémenié%

k]

data and the resuits obtained from NuSselt's theory shqwed,

e

. \ -
that the experimental heat transfer coefficient for the -top

v

tubes was higher than that predicted by the theory, but was

lower for the middle tubes. [The lowest tubes show a higher
heat tréngfer coefficiené than that.prehicted by Nusselt's
theory, 'and: that was attributéd to turbulénce of the
cgndensate film. The-results obtained for the lowest tubes

were found to agree with the results obtained in (9). -

The discrepancy between the experimental data of many
investigators . and Nusselt's theory ‘was attributed. by
R.E.Peck and W.A.Reddie (13) to the assumptions made by

v

Nusselt concerning the ~ film temperature drop and

. acceleration forces. The former was assumed constant and

\

the later negligible. .After ' performing experiments, the

authors concluded that the variation of 'temperature drop

around the .tube cannot accoﬁnt for the deviation from
Nusselt's theory, but by including the acceleration effects,

the authors arrived at a certain correlation with constants

. that had to be evaluated by empirical investigation based on

L4

‘e

At

~

4

.
U
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N . rs=

the experimental daga taken by the au;hdrs‘ aﬁd,,dﬁher

invéstigdtors. The semi-embirical relation obtained is:

, ‘ h, u
[ 0.0206 (—f9-

g , AT k

1

0.5

h = N ) T +.0.79 ] .

N

Y . e,

g
where hg-jg Nusselt's theoretical heat transfer coefficient. - -,

It 1is reported that equation (2.7) gives more accurate

values of the gondensate film heat transfer coefficient for Lo
“ the case of sa@urated?gapor condensing on a horizontal tube ,
' AT Lo . }

than that given by Nusselt's equation. T (I

w.M.R&hsenow (14) attempted to obtainu’an analytical

expression for the condensing heat E@ansfer coefficient

B . i
"

taking into account the effect of cross flow within the film

'and a nonlinear temperature distribution. The actual film ' te

temperature distribution was reported to be

X € aT 1 X 1 X 5
T T b - — e — (— )7 ] |
'S _ fg 8 40 5 ,
Tv- TS . C_ AT . !
1 100hy  ee--- (2.8) -

¢ AT
3 g ey p (p- g 1H O8RS
h = 0,943 [——1'94 v fg 0.
- - oy © AT L C .
- 4, fﬁw'“\:\ :
. Y “:-_ B Loy L
' \‘ - emeea (2 . 9)



s 0

5
s e

. . .
where . Rgg = hegg + 3/8 Cp ( Ty - Tg )

-t N »~

T

%4
-

s - ) I " - . . N
It is reported that the results obtained with equation

(2.9) afg‘ closer to the experimental results. than ihe:dnes

- -

obtained with assumed linear distribution, équatiqg (2.1).‘

- A ,
»
~ &

Donald Q. Kern (15) modified Nusselt's -average
l‘;«-r .‘;“ P - .
from N=0.25 to N-1/6 times the single tube coefficient.
This miodification accounts for the turbulehce which occurs
due to ripples and intermittent dripping of the condensate
layer. when descending from a higher tube to a lower one in

v

the tube bank. “The modified Nusselt's equation is

o

. The problem of laminar film condensation on a
horizontal cylinder was "investigated by E.M. Sparrow and

J.L. Gregg (16) by using the mathematical techniques- of

boundary 1layer theory. They were the first among the

investigators who applied this technique to the

€

condensation. . The three partial differential equations of

!

'

- 17 -

Ethensing coefficient for a tube in an N-tube vertical bank
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mass, momentum and energy transfef were reduqed to ordinary
differential equations which then were solved numerically.
Inertia forces and energy convection which were neglected in
(4), were fully accounted for. The study revealed that for
small film thickness, the heat transfer results are very
ciése to Nusselt's theory and the effect of energy
convection would be to increase the heat transfer, while the
rsle of the inertia forces would be to decrease the heat
transfer. So these two effects are in conflict. {?/ is
reported thét with increasing film thickness for the high
Prahdtl number fluids, where the inertia forces are
completgly overriden by the viscous forces,. the effects of
energy convection win, thus increasing the heat . transfer.
But for -the low Prandtl numser fluids where the thermal
conduction overrides the energy convection, the effects of

the inertia forces win, resulting in a decrease of heat

transfer.

M.M, Chen (17) performed an analytiéal study of
laminar film condensatio; on single and multiple horizontal
tubes, utilizing the boundary layer equation technique. For
the case of a single tube inertia forces were accounted for.
The theoretical results obtained were compared with those of
(16) and good agreement was noticed. Also it was seen that
. the inertia forces have a larger effect on the heat transfer

of round tubes than flat plates whose analysis was carried

out:by the same investigator.

- 18 - S
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For the case of condensation on a vertical bank of
- horizontal \tubeé, the analysis included the effects of
condensation between the tubes and @omentum gain. It is
reported that the first tube in a ver£ica1 bank can be
considered as a single tube and the heat transfer results
obtained for the case of a single horizontal tube can be
used without modification. But for the lower tubes .the /v
momentum gain and the condensation between the tubes
resulted in higher results than Nusselt's theory. igher
heat  transfer rates than the theory predicted were
.attributed to splashing, intermittent drippfng’ and local

dripping. i
Condensation on the external sufface of a cylinder in a

transverse flow was analytically~ studied by I.G.

Shegirladze and V.I. Gomlari (18). Separation of the

boundary layer due to high vapor velocity was 'considered,

and _the - boundary layer was assumed to be laminar up to the’ s

separation‘point,_ Analytical expressions for the-‘case of

flow without separation, with and without body forces, -were

determined. The heat transfer coefficient in condensation

on a ﬁorizontal cylinder in a downﬁard flow of vapor without X \Lﬁ

separation and with body forces was found to be

U, » k 1.69 Dgru 5
ho=o.64 L =— 12 [ 14 (1 )92 ) i
: H D N 2 \ \
U aT k

. ---(2.11)

R T N N

- 19 - ' ,



Equation (2.11) was compared with experimental data of

three experimental sets of results, in wﬁich~the maximum

velocity of the incoming vapor was less than 3 m/s, {which
was assumed to be small) and the flow around the tube was

.

without‘separation. -
\ 0

A similar expression was determined for a flow with
minimum separation angle @ = 82 degrees where the
coefficient of equation .(2.1l) decreased by 35 per cent.
Uﬁder real .conditions, separation may begin at any point
from 8 =-82 to 180 degrees. Therefore, equation (2.11) wiéh
the largest and smallest coefficients (i.e. 0.64 and 0:42)
" will yield the upper ang lower limité of the range of the
mean heat transfer coefficient with a separated bounaéry

layer. The theories were compared with experimental results

of condensing vapors flowing at velocities higher than 3

m/s. It was found that the experimental points fall between
the highest and lowest value of the theoretical results,
where the flow was accompanied by a bounaary layer
éeparation. It was concluded that the theories deduced were
satifactory, and the boundary layer .geparation leads to- a
shafp decrease °of'the heat transfer tate over a portion of

the cylinder surface behind the separation point.

L] i1l

G.L.Henderson and‘ J.M.Marchello (19). .proposéﬁ a
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~
P

correlation to deal with a region i near the bottom of a

condensing horizontal tube where Nusselt's theary (2.1)

s,

f4ils due to thickening of the film and droplet break-off:
Surface tension forces were accounted for. The authors
corre&aéed the experimental data o? various observers and
Nusselt's theory with the Ohnesorage ‘number' to derive an
equation which Erov;des a means of accounting for the

process occurring at the bottom of the pipe. The general

v

correlation of the heat transfer coefficient deduced is:

Vv

)
-

2 1 '
H '§‘ \

h [ ——— 1% = 0.069 Non~0+373

Re-0.333

'Equation (2.12) contains Nusselt's analysis and the

correction for the effects of surface tension.

( .

° An analytical s;lution, based on Nusselt's assumétions,
has been obtainéd for 1amihar con?ensation of a flowing
vapor on a horizontal cylindef by Denny and Mills”(ZO). The
variable fluid properties were accounted for‘;hd evaluated
at a reference temperature. Verifigatiqn was obtained by
comparison with an exact numeric;l solution based on a
finite éifference analogué to %hg conservation equations in
boundary layer form. Vapor drag due to vapor velocity wa;
accounted for through an asymptotic solution .of the vapor

<
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bodindary “layer urider,strond suction. ;The local théoretical s

at \ N -

heat transfer coefficieht obtained was comparedﬁ“wirh“ the

[T . -
v v Lo AN )

nimerical -solution as a <function of the.angle (s) around the

‘ * ! -t W 1 . ! e
‘tube. The disctepancy was found to be less than 2 per” cent ™ ,oo

for () less than 140°, ‘but_ for f4o°:< (o)< 1805¢he

g -

discrepancy increased. 1It.is reported— that ‘the- increased

[ ' v

1

discrepancy as (8') approaches 180 degrees cduld be due to - y

elther 1nadequenc1es in the sin® “averaging or vuolatlon of
\
Nusselt's assumptlons ~of neglrgible 1nert1al eﬁfects which

K ~

are grossly violated as (8) approaches 180 degrees. %%

. "y . ~
») ’ w2 - LY
' . . ¥ \ |

LI
\

" Condensation heat transfer of,vaporrflowiné‘qthroughr a
tube tbank croesing them' horizontaiiy waS'eipefihentally ! '
studied by Fujri:et al.(21).‘ The results ’ffom rQo ' tube
banks of imline and staggered arrangements were compared,

and the following heat transfer correlatlon ‘was proposed. ‘ g

H

. /! ~ 3 - -,.
] ’ : . . "\ 4
. 0.276 e !
. Nu= ‘xé [ -] + . ]0 .25 Reo .g.q‘ cemanw (2“;]3) . N
/ I~ 4 - ¢
- S \Xo Fr H ‘ .
where K+0.8 for inline arrangements and ungryrfor staggered S e

arrangements.w Equa%lon (2. 13) _showed good.agreement with

"
L w ” -

the experimental data of othet lnvestlgatdrs. The patterns ’ X

of temperature _.»distribution - for inline and staggered
s 4 rd

N
arrangements seem to be different from each other and also

s
R
-

from those on'arsingle tube.

d »
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The. two phasé .boundary layer equafions of filmwise
cqndensétion on a horizontal tube were solved with an
approximate method by F;jii,et al. (22). The condensate
layer pressu}e and inertia forces were not accounted for.
Tﬁe theoretical modeli obtained was in good agreement yith
the experimental results of other investigators. The
‘temperature distributioneaon the periphery of the tube was
found to be effected by the 6hcoming vapor velocity, and zhe
local heat transfer coefficient became relativély higher
with increasing wvapor velocity, but body forces became
negligib}e. It is repoited that 80 per cent of the total
condensation téok place on the*upper part of the cylinde(if
i

Ivanov,et al. (23) studied K experimentally the heat
trgnsfer coefficieﬁt of condgnsing R-12 vapor moving through
a buﬁdle gfnsmobth and finned tubes. The study revealed
that the average~ heat transfer coefficient was markedly
higher than the values predicted by Nusselt's equation
(2.2). The effect of condensate flow from higher tubes to
the lower ones in the bundle may be accounted for more
exactly by the factor N-0.16 rather than N~2-25 in Nusgselt's
theqry (4) due to film turbulence formation. This éinding
agrees with tha£ of Kern (15). It is stated that for a tube
bdn@le the heat transfer coefficient does not vary
with T—O.ZF, as stated by Nusselt's theory:

The condensate film inertia and pressure forces, energy




e T

~

$ L]

convection and . liquid, subcooling. '-were not: treated

simultaneously by previous investigafors, instead; some or
all of these .parameters - were. iﬁnored. E,‘S.Ga'd&iis (24)

v ? * ¢ { .

. presented ' a method for solving ‘the full two] phaze boundEry
. Co C - Z, ) v oot .
layer equations for the condensation -of flowing vapor on a

_— . ) .
horizontal 'tube, taking / all’,K these .parameters _into

consideration. The theoretical model bbtained was compared

with' Nusj,seif:'s theory. "For wéger,,' good agreement was found

to exist between. thé ‘theeries, but there was a difference

when these .\theori;es‘r‘wé,re applied 'to fluids of a Prandtl

number much higher or'mﬂéh'lc}wer thah‘bnity. The difference

:in the two theor igs:‘*,wa,s -attributed to:.

- . w
M v

4 v

' v
N < «
L
’ 4 * »

. A *

1~ For low "Prandtl number fluids the convection  is not

effective but ig:noring‘y the inertial forces increased the

Nusselt number by 30 per cent, ‘ Ignoring. the shear, forces at

the liquid vapor interface gave rise to a 29 per cent :in

¥
Nusselt's ‘nunber .

M <

T
’

2- For "high Prandtl number fluids theL inertial forces
in the condensate Iayer and th‘e" shear force at the 1liquid
vapor interface have an insignificant effect on the Nusselt
number, but elimip‘;ting energy convection leads to a

reduction of 5 per cent.

\

.'! ’
Kutateladze et al.(25) conducted experimental

_investigations to determine the effects of the film

5 N - 24-
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& v . .
temperature drop (T, - Tg), vapor velocity, condensation

pressure aqﬂ position of the tube on the heat transfer
coéfficient of condensing vapors in a vertical bundle of
inline and staggered tube condensers. Refrigerant R-21 was
used. It was found that the heat transfer coefficient
de;reases on both tube arrangements as the vapor flows
deeper in the bundle. Decrease of vapor Velocity and
increase of temperature drop resulted in a decrease Qf the
heat transfer coefficient. Tﬁe exper iments showed that, for
stationary vapor, the number of rows has an influence .only
up to a certain temperature drop above which the heat
transfer remains constant and independent of the position of

the tube in the bundle. But for the case of high vapor

\Gelocity, each tube can be regarded independently.

By

»

Experiments of heat transfer in condensation of flowing
vapor of Freon-ZE_were conducted in a vertical stack of ten
smooth horizontal tubes by Kutateladze et al.(%G). Data
were 'obtained on the dependence of the heat transfer
coefficient on the temperature gradient and ghe vapor
velocity. The stationary vapor experi@gnts showéd Ehat the
heat transfer coefficient, h, of the first and second tube
of the bundle varies with (A T )'O°25 which is in accordancé
with Nusselt's theory, but in the lower tubes, h, was found

to depend less on AT and on the tube location and this was

attributed to the change in the. mode of flow of the

condensate film. - In the case of flowing vapor, only the

Al e S Nt s Y
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first tube was reported to follow Nusselt's théory\
concerning 11;( AT )-0.25. The lower tubes of the bundle
ceased to follow this relation. The results of this study

revealed the follbwing:

1- In the case of stationary vapors, the tube location
was found important to a certain wvalue of AT, above “which
(h) becomes almost constant. f

|

2- At high vapor velocity, the behaviour of each tube

can be treated independently due to condensate break-off.
, i

3- The experimental data for flbwing vapor were found

to be in satisfactory agreement with the Fujii equation

quoted in (22).

4- The effects of run-off of condensate onto lower
tubes and vapor velocity must be corrected for
simultaneously due to turbulance occurring in the condensate

layer for the lower tubes.

%

2.2 - Condensation of oil refrigerant mixture:

Available information on the effect of refrigerant-oil
mixtures on condensation heat transfer is wvery limited.
Mirmov,et al.(27,28) investigated experimentally the effects

of ammonia-o0il mixtures on condensation heat transfer.

- 26 -
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" the following limitatiggs:

¢

Mineral oil was used. Ammonia and mineral'oil solutionlaég
classified as totally immiscible (29). It was teporteq that
\the presence  of oil may’ lead to partial drépwise
condensation and may also h;ip reduce fouling. Hence, the

heat transfer coefficient for oil-ammonia mixture was higher

than that for pure ammonia vapor; but no percentage of oil

in the mixture was reported. "

William and Sauer (30) studied, tﬁ*ﬁfects of R-11

vapor-oil mixtures on condensation heat transfer outside a

single ‘plain horizontal tube. Naphthene-based oil with two

different viscosities (150 and 500 SUS at 37.7 °C) were used.
R-11 and mineral oil are totaly miscible (29). For each set
of test runs conducted, a certain o0il flow rate was
maintainedl Thus, the percentage of oil to refrigerant mass

ratios would increase; as the f£ilm temperature drop ( T

v
Ts y decreased. They concluded that, for 150 SUS viscosity
oil, there was ﬁo appreciable change in the heat transfer
coefficient for o0il concentration less than (6 to 7%); but
as the oil concentration was increased above tﬁis,range, the
condensation heat . transfer coefficient decreased
significantly. For the 500 SUS viscosity oil, they reprted
tﬁat the presence of o0il, even at high concentration, had no:

i}

significant effect.

L4

The ekpefimental method used by William and Sauer has

=4

\
- 27 -
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1- A regulated air supply from a compressed air

cylinder was used to inject the oil-refrigerant mixture into

the test sdction. The air pressure applied was 689 kPa (100

ésig). Because of the use of high pressure air, a strong
possibility exists for air to be dissolved in the oil andnge
transferred to the condensing'surface. It is well known
that the presence of a non .condensible gas; even in dmall
amounts may result in the reduction of coédensation heat

[

transfer;

2- The . spray action of the refrigerant-oil mixture
directly on the condensing surface used in the experimental

apparatus was reported to have a significant effect on the

o~

heat~transfer coefficient.
»r *

.,  Finally, the survey  shows ‘that the available

information on the condensation of oil-vapor mixture are not
B 4

only limited, but contradictory to each other. Neither a:

-

real simulation test apparatus, to experimentally

investigate the effects of oil on condensation under closely

-

..controlled conditions, has been described_nor have attempts

been made to treat the problem mathematically.

' t
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o ‘. ' CHAPTER 3' -
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" EXPERIMENTAL APPARATUS '

-
- ' L et

3.1- Introductien .

\, ¥ PR
. -

N .
— ~
. . .
et

To study the effect of @il.-on .the condengation heat
* - M
transfer . rates . of refrigerant on the outside surface of

N

single an mulpiple horizontal tubes, a special test

apparatus 'as shown schematically in Figure (3) was designed

®

and built.'.The apparatus is so equipped that an actual
gsimulation of the oil carry over info the condenser may be

pé€rformed.

¢ . v )
B .

The highlights of the design of this test apparatus are

as follows: .

Y

n

>

“(a)- It is so designed that a predetermi&;d amount of
l;bricating oil is atomized and mixed with the refrigeraht
vapor and the mixture is Qhen led to the test condénsek
under investigation. 1In fact, aﬁy desireé amount. of oil,
carried over by the refrigerant vapor from the compressor
_into the condenser, can be precisely simulatea. |

(b)- 'Condensation results can be accomplished for
constant oil to refrigerant mass ratios atv varying

temperature diffg;enbes between the refrigerant wvapor and

. tube wall.'-

T o ,

&._v, - 29 -
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(c)~ The condensing film coefficient can be determined

from both the direct method (from heat flux and temperature

Pl

difference between the refrigerant vapor and tube wall) and

and tube side heat

..’

the indirect method (from overall

P

transfer). ’ ' - z

1 L

(d)- Tt prqvideé 'glear visual observation of  the

; . Y < . A3
condensation process in the test condenser,

] ) E
- #~ - -

. “ (g)- It has the 'Eapacity of éesting*ithe different

-~

. commonly:.used -refrigerants, namely R-12, R-22 ahd R-502.

* as Y . L3
ta ~ . *» i f ’ A - A

»
_ L] hd -

» (f)=« For a ’‘particular rgfriggraht, @ wide range 05

¢ -t (3N »

saturadtion pressurés may be" selected. -
- . . 4

PRI
[ o
“« 7

L

-"f . r Ve

. a N

(g)- Accurate 'measyrements ..of the refrigerant
condensation rates can be obtained. ’ ‘ .

2 \ A~
v .
- N <« -
’

(h)- Both saturated and - superheéated vepors can be

Pl

achieved, and any degree of.superheat within the compressor

v s . >

-capability may be‘yaiﬁﬁained. R L ~, -

. .
> v
2

> N h

()= ..A ‘wide range of condensation rates may be

-t

.

accomplished for a "particular refrigerant at a given

saturation pressure:. e » N .
v ~ M w
~ b

L EN - <

-
" . - N
>

- (3)- A broad -seigctionv-of cooling water velocifLes,
/ N "

> ’ v

o7 \ 1
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inside the “condensing tubes, can be provided.

+ ¢ ~

(k)- Different cooling -water temperatures may be
obtained and a precise constant water temperature may be

maintained at the inlet of the condnging tube (s).

,-

‘

(L)y- A steady-state 'condition can. be usually
. L O ’
maintained. r .

!
(m)-V It provides good control of pressures and

temperatures throughout the different components of the

-

system,

(n)- Easy separation of the oil and refrigerant during
h, .

the running of tests may be-~obtained.

(0)- No compressed air is involved in the spray system.
—_ !

Moreover, oil atomization and mixing with the refrigerant

vapor can be done at a distance far from the condensing

tube, and the vportion of the condensing tube right at the

~

spray flow can be made .inactive for condensation. B

[

The accuracy of the condensing coefficient obtained
depends  upon close control of the conditions for a
particular test. Such conditiens involve superheat

[
temperature, saturation pressure, condensate flow rate, tube

v

-
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wall surface teﬁpegature, and cooling water inlet and outlet /

/

temperatutes, ' All -these‘: points have been taken care of
~during- both the design and marufactur'ing stages of the test

apparatus. Consequently, it is felt that for the purposge-of
- - ( .'

. stddying the effects of the refrigerant-oil miXture on

condensation, this facility is reéSongbly accurate and fully

‘reliable. ' - ) ' -
/ {

v

! .
3.2~ Description of the test apparatus - ~ ,
The test apparatus consists of four circuits, namely

refrigerant,” o0il, cooling water and hot water. ‘Details of

these ciruits are given below.

1 -

3.2,1- REFRIGERANT CIRCUIT:".

[y

The refrigerant ciruit is the most important in - the

4 —

* entire. system, The specifications, functions and special

design features of its components are as follows:

- -

v 3.2.1.a~ Compressor: ( C )

The compressor is one‘of the five essentiai parts of
the *compression refrigeration system. The compressor used
in the test apparatu§ is a reciprocating, - four-cylinder, -
single atting open typé with a capacity of ten refriggration

tons rated at 700 RPM and 5°C suction temperature.  Anh .80

watt crankcase heater 1is used to warm the luhrication oil

~
i

and prevent refrigerant condensation inside the compressor

*
-

* during the shutdown period.
- §
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3.2.1.b- Discharge line oil separator: ( D) ) . 2
*  Two oil separators were installed, in series, in the
/ _ o !
gompressor discharge line to prevent the migrating oil which

leaves the compressor crankcase with the compressed vapor

from reaching the condenser .undér investigation. A 6.35 mm'

~ \ vt

(0. 25- inch) 0.D.- tube was used to carry the oil from the
Separator back to the compressor crankcase. The separators

wsed are serviceable (* bolted constructlon) to, allow for

\ L4
» draining and flushing when, required,

~

-

4

3.2.1.c- Desuperheater: ( E ) N

In this study, ondy saturated vapor is required to’ be

-

condensed in the test ‘condenser. Consequently, a’

desuperheater was designed and fabricated to  remave the
superheat in the refrigerant vapor on the way /to the test
condenser. ‘The deeuperheater\ is a double pipe heat
exchanger, with the vapor passing through the inner pipe and

-

the cooling water at the annulus. ' : v
A N N ’

The heat exchange capacity of the desuperheater dﬁ
controlled by a 9.5 mm (3/8 1nch) throttle valve 1nstalled
at the water out}et. Any degree of superheat in the | vapor

_ﬁay be achieved by admittin§ the necessary rate of cooling
water. - {ﬁp .

3.2.1.d- Refrigerant condensate separator: ( F )

! ° . /
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Occasionally, there afe cases if which the vapor may

w

¥ ,conﬁain already condensed refrigerant prior to entering the ¥

'

. test condenser. EIn order to have accurate measurements of .

-
-

the condensation rate in the test condenser, a condensate _
Separator was installed between the desuperheater and- the
f test .condenser. Any collected condensate in the separator

will be transferred back to the compressor suction line

1

~ through valve no. S and a 12 mm (half-inch) 0 D. - tube.
Two sight glasses were mounted on the inlet and outlet plpes

of the condensate separator to monitor the flow 31tuatlon.

-

4.
. v

3.2.1.e- Refrigerant-vapor flow meter: (G §

- This 3tudy emphasizes the effect of oil on refrigerant

vapor condensation, thus, it~i§'highly desirable to obtain

2

the condensation heat-transfer coefficient at constant oil’
. to refrigerant mass ratios. To keep such a canstant r

»

a corresponding refrigerant vapor flow rate is requlr

match the fixed oil flow rate. -The refrigerant vapor

ked -
|
tthe

R
g h

.. oOnly be measured by a vapor flow meter. A full view, pa

v

i

gland) glass tube flow meter was installed between

4

,Q——»-/T*

condensate separator and the test condenser.. Even th

this type of flow meter is usually designed and cal1br1§ed

\
ic

[

s

for a specific set of flpid conditions, such aq?épec

“Qravity, viscosity and range of flow, recalibration is still

) - 4 @ ' 1

needed for each condensing temperature of the refrigerant - .

vapor to ensure accufate results. This was done with ghe

> . -

pure refrigerant vapor con&EBgéd at dmfferént

[N

. -

. 2 3 SR
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vapor-to-surface temperature drops, and calibration curves

~

as shown in Figures (4-°-, 5) were generated for each

refrigerant vapor condition under investigatioen.

3.2.1.f~ Test condensers: ' : ,
%

Two horizontal test condensers were built in this

study, one for single-tube tests, the other for multi-tube

tests. Both& are water-cooled shell-and-tube type, and

insulated with thermaflex insulation material.

A-Single tube tést /condenser: ( H)

-~

Both 15.8 mm and 25.4 mm (5/8 inch and 1 inch) outside
- diameter copper tubes, each with 1.65 mm (0.065 inch)

thickness, -were used in this study. Cooling water flows

[ .
inside the tubes. Refrigerant 12 single tube tests on the

" 25.4 and 15.8 mm (1 and S/B‘inch) 0.D. tubes were performed

.in ‘this condenser. The 25.4 mm (1 inch) 0.D. tube length.

was 1620 mm (63.6 inches) for thé conden%aﬁion'stqdy of pure

refrigerant vapor. For the refrigerant-oil mixture tests,
i

the effective condénsihg tube length was reduced to 140% mm
(5% inches) due to the fact. that Ehe portion of the test
tube dir;ctly facind the refrideﬁant vapor-oil mixture inlgt
wés made inactive to.héat transfer in order to eliminate thé
dynamic flow effect of the vapor-oil mixture ‘on  the

conqénsation process. The effective length of the single

15.8 mm (5/8 .inch). 0.D., _tube was’ 1470 mm (58 inches) long.

> g ¥

y‘The'a' shell ig made of cold drawn seamless mechanical tubing,

N ‘ - 37 =
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Y
with a 203 mm (8 inches) outside diameter and a .35 mm

(0;25 . inch) wall thicknesg. Three glass windows were

attached to the shell to enable visual observation of thé'

J

condensation process. An 0il nebulizer assembly was bolted
to the shell close to the cooling water outlet end. The
tube end Eheets were made of steel plate, 279 mm square and

38.1 mm thick (11 inches square and 1.5 inch thick).

Besides the tube -connections, the vapor inlet, _the -

céndensate outlet; the pressure . relief valve and
Vot ' “ E : . :

thermocouple passages are all located at, the end sheet.
Adequate lightigg was " furnished inside the shell to -allow

observation of the condensation phenomena through the glass
13

windows.s . e , L oo
T e *
!

It should be :noted;that a sealing method was adopted

for?tpe‘tube to sheet joints to provide easy disassembly as
L4

e ‘ ‘4
required without causing any damage to:the tube.”
i- , I .
t Y , Trr—
s

B~ Multitube test condenser: ( H )
\ A ” ' -y
This 1is a single-pass condenser comprising four copper

LS

-

tubes, one steel sﬁellegnd two steel end sheets. The design

v

and épecifjcatidhs are 3imilar fo those in the s%nglb'tube
. ’ i ’
test condenser with the exception that vonly  15.8 my (5/8

r )

inch) outside diameter tubes’ were used and arranged in a

- K

.vertical rowiwith a spacing of 31.7 mm (1.25, inches). The
® ¢

effective condensing lefigth of each tube 1is 812 mm (32

] ” . ~
inches). Si?qle tube tests with R=22 Vvapor, pure and mixed
. W
. :

: - 38 -
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with oil, were performed on the top tbbe of the bundle while

the lower tubes were made inactive for condensation.

t

.8

v

“3.2.1.9— Full size condenser: ( I )

Itlis a (1 to 4)  pass, removable bundle exchanger,
designed and fabricated with a capacity of five tons of
refrigeration. The tube bun%le element consists of 18 X 19
mm (3/4 inch) O.D. plaié copper tubes, each 1828 mm (72
inches) long. The full size%condéﬁser serves as a system
pressure controllera and élso as a liquidk refrigerant
reservoir. The system condegsing pressure is regulated by
éhe adjustment of the Fdolipg water flow rate through this

full size condenser. \ \\

<

3.2.1.h- Liquid receiver: ( J )
One of the important features in condensation studies

¢ <,

is the determination or measurement of the rate of vapor
# condensation. In this study, this was achieved by
collecting " the condensate  in a receiver of known

cross-sectional area , recbrding the change of the level,

and calculating according to: the following equation:

* Mp= (Lp - L1 ) Ape

0= Mr hfg

-39 -

= e A et WA b S LA b5



where M, s the 1liquid refrigerant flow rate, o is the

density of the liquid at the condensing\ temperature, AL is

the ' cross-sectional area of the receiver and <AL2 - L1 ) is

the change of the liqﬁid level in the receiver per unit
time.

»
A pressure balance tube was connected from the test
condenser to the receiver, thereby maintaining a constant

-

liquid level in the test condenser.

3.2.1.i- Liquid line filter drier: ( L)
A filter-drier was installed between the liquid

receiver and the evaporator to: (a) avoid the moisture

freezing problem in the expansion valve; (b) ‘prevent’

moisture from mixing with oil in the system; and (c) remove

dirt or chips. (:/f \\\\\\\
4 \ ) ’ )

3.2.1.j- Expansion valve:

A thermostatic type of expansion valvé was chosen to
control the mass flow rate of the 1liquid .refrigerant
eptering the evaporator and to keep the unevaporated

refrigerant in the evaporator from returning through the

suction line to the compressor.

3.2.1.K- Evaporator: ( M)

The evaporator is the part of the refrigeration system

,,,,,
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where the liquid refrfgerant boils or evaporates at constant

temperature and pressure, thereby producing a cooling effect

on the fluid being circulated. However, there are two types
in use today, air cooling and liquid cooling evaporators.
In this study, a liquid cooling evaporator is used.

The evaporator was designed and built from four sets of
double¥pipe heat exchangers. The heating water circulates

N

through the annulus while the refrigerant evaporates inside

the inner tube. The outer and innef tubes aré 41.2 and 28.5
mm (1.6 inches and 1.1 inches) outside diameters
respectively, both made of copper, with an effective length
of 1524 mm (5 feet) each. 4 ’

3.2.1.1- Suction line oil separator: ( D; )

In the study of condensation of the refrigerant 'vapor

mixed with oil, the oil was atomized and added to the pdfe
refrigerant vapor before entering the test condensef. The
oil in. the refrigerant stream passing from the condenéer/to
the suction line was separated with a separator in order to
recycle the oil qnd to avoid flooding the compressor
crankcase. The construction and operating mechanism of "the

suction 1line oil separator is exactly the same as ‘that of

the compressor discharge line oil separator. The separated

oil was carried away, through a float vaive, in a 6.35 mm

-(0.25 'inch) 0.D. tube back to the oil receiver.

v ™~

-
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. In.this study, a specidlly-designed oil circuit. wa$s 0

"the-test condenser, the oil-free refrigerant vapor was mixed -

‘. The mixturé was then led. to the ;eﬁt' condénser- under o

3.2.1.m- Suction line accumulator: ( N )

The accumulator is a standard component associated with . R

the compressor. ~ It is a safety device to prevent liquid

refrigerant from flowing into the compressor.

3.2.1.n- Refrigerant piping: , e .

. b
. A
~

_The piping design was made  according to the

refrigeratioﬁ piping code. quoted in Ref.(3l).to accomplish
. .

the. followihg objectilies:

e « »

1- Insure proper feed to the evaporator.

2- Provide practical ‘line size without excessive .’ -

pressure drop.

3- Prevent lubnigatfﬁg oil from being trapped in the .

system.

-
& . J

3.2:2- OIL CIRCUIT: : .

"

14

¥

-

..
-

employed to  establish the relation;hib between the *
"‘ ’ ‘ fo

condensing éoefﬁicient and the  temperature difference. ‘

v

- = 7’ ) < i ‘ N
between the wvapor and the tube wall, at.- a fixed

pilJto—refrigerént mass flow ratio. Just before entering

with the atomized oil at a predetermined mass flew_ratie..

’ 4

) b

.
! 3

inyéstigaQion. After grayelling' through . the liquid., . -

v ‘ ~ s 1
. . v - .
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receiver, ~“filtar-drier, and the evaporat or, thé of1l in the

- ‘s * o
1

- ‘ mixturg_was‘rseparatgé from the refrigerant - vapor, then
transfefred to the oil receiver anp returned back ‘to "the oil
RN ~ - - ) i o «

. 1+ ‘“.reservoir; and finally Eo,thecpil nebulizer, Ehus completing

[ .

‘a9

-

the ~ circquit.  The details” of the components. of the oil

Zre
-
’ -

oircuits are described in the following:i

- -e B
c . L3 . “

DO, . ) ’ “y ‘4 - e “
A 3 2.2.a~ 011 atomizativn unit ‘( U ) A e
o In the* 51mu1at10n of the o1l Eamrled By the refrigerant,

. vapor from-a compresso;,lntp a condenser wecaSSUme a uniform
¢ < - - N

- . . T - |
- » . 4 -

' mixture of the two. , To achieve =~ this, _the oil should be -,

B
. - . -
. 4 . .

broken doWn.into fine gerosols that can be transported over

- v 's

P the dlstance'into the test condenser w1thqyt settllng. " For

~ - E
-

- ‘v a good s}mulatlon, the aerosdl generat1ng system for the oil .
X3 L - —
» 4 - should have Qhe folYowing character1sq}csa
o ‘ T e * - - T e N
i . > v, . T © .o .. )
- . - +1- Capable of*producing-uniform fine particles of oil.
, .- ¢ NN . + B
R e ¥ . , o - -
- ~ - . ’,\ Y - . . ® - - I N
- . . i
[} > * -

r

* - 0»

. rates“would P;low the~ investlgator to carry ouﬁ'tests”at

" 2= Varlable flow rate capac1t¥ “a wige range ‘Bf flow

~ I3

a - hd

- - -

.~ + different, oil-to- refrigerant mass flow ratiose o

- s " K ' .
a . .
. + L'd - g T -

-
- .

R e ST

Y “n - . 4 »
"n‘ S i - 41 - *
n ‘- 3— Abllity 'to opbrate under varying ‘condltions. 'Tests

« , . at different Jsaturathon pressures of the refriderant vapor

.. w y” .S A by . L

-, _ are deélrabie'and require the oil _to, bt “mixed with',the"

. - ¥ - p 0 <
ST e refrlgerant vapor at the dlfferent co;;espondlng saturation
- - N . temperatures wh}ch, in tutn, hagg amr appreciable effect on ™
- - [ « > - y )
. » N . > ¢ ~ N - o “ . [y 2 -
. . - < s L . s . . -
. - .. S o. . _' 43 - '..
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the oil vibcosity. “Consequently, the aerosol generator is

expecteé'to have the capability of dealing with different

0il viscosities in addition to the different, pressurés and
. 3 ’; i ” . v -
temperatures; ‘ L

1

' N LI

4- Ability to genqrate’{a low velocity aerosol that

would not disturb the condensate flow on the condensing tnbe

surface. . . ) - ooy

ultrasonic nebulizers and compressed-vapor nebulizers were

tried ifn this study It is wor hile to discuss brlefly

each of thege devices: -~

a.l- Nozzles and Sprays:

v

In these type of atomizers, the size of the generaééd

r

particle is a function of the ° orifice diameter. If the

orlfice is too small for a fihe degree of atomization, the

o

liquid: feed rate‘%nd subsequent aerosol concentration uggxi

be ‘quite low, Ref.(32).

-

a.2- Ultra'sonic Nebulizers: N Lo
- : ’ ‘

nebulizers utilize Migh

L ~fu

ultrasonic vibration to break np the liquid The size _of

These

the generated derosol particle ig relaEed to the frequency

9

One of

Ehe these

‘of‘vibration Ref. (33). aﬂvantages of

. nebulizers is that no pressure device is needed to break ap-
* o, \ Lo ' S ' . . o3
. ’ R 13‘ A ; . . > . “ys
-~ . - t l‘ o 44 - . ™ e

b
T3

“»

intensity sonic\ or ‘<\%

., O~

“»

y
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the liﬁuidq/ hence 1low speed“ aerosols  are generated.

cav 1 .. e . "
However - there wag one limitation which prohlblted the usé&ﬁ
\"of such'é.dev;ce, and that 1s‘§he‘dec:ease of the rate of
> ’ - = o )
- atomlgatlon with . the ,increasg of pressure surrounding the
s, .. e - . ' .

e nebullzer.'—, e . _ _-

”

s

A

v . N a .
. A Ve a v

LA

. eny » oy

A‘a,3—-Compressed~Vap9r Nebul1zera W - N -\

‘e

In this type of neﬁullzer,ﬂcompressed vapor is+used qt

"

. high veloc1ty to break up the lrgu1dsemerglng from a nozzle

e A > -t

§

-

>

o and plays a predominate.part in achieving & fine degree of

e . atomization Ref. 133) Hrubeckyy Ref. (34) found that*,

-~ -

‘atomtzatlon was flnest,lk the 11qu1d was injected paralléi
e [TH ,‘ .

. to thev.gas flow inside..the nozzle and in a regxon of maximum

' gag velocity. In Ref, (32r«1t is stated that W1th the use- of
o Yaw { ,/

an .inside m1xing nozzle “a more unlfqrm size dlstrlbutlon of

:rdroplet§‘w1th a "diameter. less than 29. microns 'zgy‘ be
" accomplished. . o .

ha . Te— T, 4

Vs Y o - - ’ -

A o 4

» ) i 3 ’ ’ M .~ f”‘
In this study, the compressed-vapor nebulizer was found
the most suitable device in achieving a fine degrée of oil

. LI P v 4
atomization along with the required oil flow, rates.
a . 2 .

v

. u.'aThe refr1gerant vapor _ &froﬁv the~ refrigerant circuit

e v s -

withln the system was-used at high velocity to ‘hreak up the

liquid emerging from a'nozzle. %Thus, the oil ‘was a¥bmized

at

and mixed with the refrigerant’Vapor.

- - )

[ - 7%

, - . h - N
. - . ’ o -

-
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. c
The refrigerant vapor, flow rate was mefered before it

L3

entered the test condenser. Some of the vapor was then
extracted and diverted to the booster compressor.,
. L

' 3 -

The rate of vapor éx;raction'was controlled by & manual

valve Ano. 16) mounted on the suction line Ygg". 'The

- » Ld
o, R

booster cémpressor may increase_the vapor pressyre to

0

( 40-60") . kPa above the condensing pressure 'quer

investigation. It is .important to boost the wapor pressure
: - ‘ ot

’ “

to create. a fast moving vapor inside the nozzle, thereby

4 [y

having a proper atomization of the o0il, Thi%‘ extra

compression work results in a rise of the vapor temperdture,
N

thus a desuperheater was installed in the 1line Teading to

the atomization nozzle. Inside the no%zle , the oil was

brought from the oil cireuit through %2 , separate tube and
- : K « . .

injected in, parallel into the flowing vapor at a maximum

vapor- velocity zone. Thus a fine mist of oil was generated

and mixed with the?vapor on the way to:the test condépse:.
; . Y A
3.2.2.b- 0il Receiver: ( 0 ) ) ;. P

5
T -~

inches) diameter by 457 mm (lé inches) loﬁg. Ité,;hrqp main

[y

functions are as folldws:

iy

1- receiving and collecting the separated oil from the

- P % ~ )

.suction line separator, the liquid accunulator and* the

gompressor crankcase; +

The o0il receiver is a pressure -vessel, '15g‘mm (6°

A Ak A A ot e



2- separating the dissolved liquid refrigerant from the

céileé;ed oil;

+
a .

AN 1}

3- returning the separated 1§quid refrigerant back to
- ¥

efrigerdnt cirquit and supplying the pure oil to the

{ N
oil reservoir. . . '

r's

[\
the r

. 3.2.2.c~ 0il Reservoir: ( T )

The oil used for simulation and atomization was kept in

]

a see-througﬁ. reservoir. The reservoir was made of clear
plexiglass pipe. The mass flow rate of 'the oil atomized
during each test run <can then be easi}y determined by -

measuring the rate of oil level drop in the reservoir.’
. 5 A

»
.

r

3.2.2.4- Oil Pump: ( P )

s

The oil pressure was féisgd' by’ the pump from,.tﬁe ¢
atmosphere level in thﬁlreservoir Eo'the mixing refrigerant,
‘vapor pressure, At the outlet of,nghgu pumé,. a pulsation
damper gwaS’ inst;lled to smooth ogt the piston pump surges

and provide a steady oil pressure.-

. Ly
N - ¢

¥
4 g

. 3.2.2.e~ Pressure Regulating Valve: ( W )

The présgure-regulating valve, of the unloader bypass

3

type, was installed: in_ the oil circuit to s&erve' the

following purposes:

a= controlling the oil pressure to the atomizing level;

&

- 47 -
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and
L' { ’:: !
b-‘protecting the oil pump jgalnst overheating and wear
by maintaining a continuous bypass flow at dlfferent 011

s

“flow rates?
'3,2.2.£- 0il Heater: x o
A thermostatically controlled electric heater was |
’ mounted in the oil circuit, before the‘atomlzation unit, to
raise .the oil temperature to the refrlgerant-vapor
condensing temperature.

+

3.2.2.@7\011 Cooler: ( V)

D S i

Due EQ the compression of the oil through the o0il pump,

the temperature of the circulating oil rises gradually.
kY - vl
# However, it is essential to keep the oil temperature in the

oil reservior/ﬂconstant. Consequently, an oil cooler was

.- installed in the oil circulating line to maintain™the oil at

a desired temgérature. The coo%er ié“a small shell and tube
v ’ g

heat exchanger, with oil flowing ip the tube side and

cooling water,c1rculat1ng at the sheli side.

4 '

s

3

3.2.3~ MAIN COOLING WATER CIRUIT:

Cooling water was used in this study to achieve the

y cooling of the condensing tube surface. The design

»

objectives for this cooling water circuit are as follows: .

a- to provide a wide range of water velocities;

. . T

o)




‘thermostat modulator.

. 3.3-Other Design Features:
’L.

b- to supply the water at different temperatures for

different condensing rates; and

5

c~ tq maintain good control oVer the water temperature.

The cooling water circuit comprises a water reservoir,

a water pump, pipe lines and valves. A bypass line and .

manually operated gate valvé were emploged to control the

water flow rate through the test condenser. Cooling water

supply was from a city water main. A manual— valve on the

supply 1line to the water resérvoir, as well as the bypassed
f .

. ‘
water, served to maintain the required cooling water

temperature during the test Pperiod. For the multi-tube

condenser, each individual condensing tube was ébpplied with -

a different branch, and a gate valve was installed in each
branch to have a fine adjustment ff the cooling water flow

rate. ‘

]

3.2.4- HOT WATER CIRCUIT:

Hot water was the heat source of the evéporatdr.

Circulating in a closed system, hot water absorbed the mheat.

y i
transferred from steam through a:heat exchanger. The water
temperature supplied to the evaporator was controlled by the

amount of water bypassing the heat exchanger, with a

A
t /

Say

x4

Besides thé circuits presented above, there are several
A

LT *

",

2§

8,
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o -

several special features in the .design of this apparatus

- R

worthy of describing as follows: ’ ~ ' roo

3.3.1- Pressure control devices: . i
a- Pondensing pressure regulation: ' o ,l

Tests were conducted at different condensing bresﬁure\}

and corresponding saturation temperature on each refrigerant" y
investigated in this study. Means had to be provided in the >

test apparatus by which the condensing pressure of the

I3 T

system__could be verified and qogfrolled for the different

refrigerants used. This was achieved with the full. size

fcondenser and the aid of a pressure-operated water valve.
Ko L] :

3

The valve was mounted on ‘the- cooling water inlet to the
condenser and the water was supplied from'a city main ‘pipe.
Thg'capillary tube which transmits the pressure to the valve

"was connected to the outlet of the condenser close to the

condenser pressure gauge.

°

-

‘The conaensing-pressure regulator (wv) 1is a two-way
pressure operated water valve. TIts function was to modulate
the quantity of water passing through the.- condenser in

response to the éondensing pressure. The water flow rate
required ‘depends on condenser per formance data, the

-

Eémperature of available water, the allowable leaving water ]

temperaturé and the quantity *of heat which must . be

tran%fen;ed ; to this water,. A constant condensing pressure

ey . 1% { o

maintained by automatic modulation of the:. valve to

¥ - ®

orrect for variation: in, temperatyre or pressure of the

»
] , 7 ”
- ‘ A2 [EES
Al - . [

- ‘ - - - ¢ .
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water supply and wvariation in the quantity of refrigerant

vapor to the condenser, ' ",

The pressureQOperated water valve has bellows attached
to the .high pressure side of the system. This valve may be

adjus_teg by means of a heavy spring which presses against

the bellows. After the compressor starts, the condenser

pressure begins to riée. When the operating pressure
setting of —the regulator spring 1is reached, thg,belfows
moves to gradually open the wvalve disk, thus permitting
water to flow in. The .[regulator continue§ to open and
increase the water flow, until a balance point 1is reached
bet;eeﬁ the water' flow and the heat rejection requirément.
At this point, the ondensing ﬁressure is stabhilized. ‘When
. the compressor gtops, the cpntfnuing water flow through the

regulatof‘causes the condensing pressure to drop gradually,

thereby'closing the regulator.

b- High pressure safety cut off:

A high pregéure cut-off sﬁitch was used to tfip off the
compressor motorNWhen ghe head p;essure increased ovet the
allowable value. It was conneeted to bpe cylinde; head on
the high pressure side of the system,

The cut-off switch is a safety device to prevent the
buildup of dangerous pressure within the system which could,
.in turn, ruin thé compressqﬁ and its A motor ‘through

0
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overloading and’overheating.' The fiseé&n head preésu%g can
result froﬁ tﬁe presence of air in the system or the cooling
water being shut off, .

'In line Qith. the manufacturer's recommendation, the
control was set to cut—off about 20% above the normal head
pressure., “With R-12 the control was set at 1378 kPa QZOG

psig), while with R-22 the setting was 1929 kPa (2B0 psig).

c~ Pressure relief valves:

‘A refrigerating system, regardless of its size, is a

sea;ed systém acting as a preséure container. In order to
prevent high pressure buildup (which can arise during
shﬁtdown~ or in case of ‘fire, extreme temperature conditions
or faulty electrical controls), with subsequent‘(risk of
explosion, two pressure relief valves were provided, one
mounted on the full si;e condenser, and ' the other on the

test condenser.

3.4~ Separation of the atomjzed oil from the refrigerant:

Upon leaving the evaporator, the mixture of refrigerant

vapor and oil entered the suction line oil separator wherein
s

the o0il settléd and separated from the vapof. The level of
the liquid oil in the separator rose until the float valve

. »
opened, allowing the oil to flow back to the o0il receiver.

The flow of the o0il was made possible by setting the suction

pressure of the compressor higher than the saturated-

\
.
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pressure of the refrigerant at room tempefature. Once' the
0il receiver was thl, the oil had to be further separated
from the dissolved refrigeraht before being delivered to the
oil‘ reservoir., ,This final \separation was done by heating
the vapor-rich oil at low pressure with an electric heater

surrounding the oil receiver. The low pressure was created

by the operation of the boosting compressor through the line

(aa) with valve no. 15 closed ;hd valve no. 17 open.

. It 1is possible to .check that the oil\is free of any
dissolved refrigerant simply by closing wvalve n6. 17 and
observing the 0rise of pressure in .the receiver. When the
pressure fails to rise, it indicates that the oil is free: of

dissolved refrigerant.

F ‘ ?
" 3.5—- Flow Valves:

As shown 1in Figure (3), the experimental apparatus

contains numerous valves in the different piping with each

«valve serving a specific functiigm These valves 'are

described -below:

-

» N

S

1Y

“a- Valve no. 1 is mounted in the compressor discharge
line "and should be kept fully open during system operation.
The only time this valve is to be closed is during éervicihg

of the separators,

[ -
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b- Valve no. 2 is mounted in the hot gas bypass (u) and
is partially opened to allow a certain amount of the high

pressure hot gas to pass back into the compressor suction

pipe (q).

The importance of  this valve is té control = the
compressor suction pressure and the superheat temperature of
the refriéerant vapor at the inlet of the compressér. :

The adjustment of wvalve no. 2 depends on the amount of
superheat required in the suction 1line. Three to five
degrees C superheated vapot admitted to the compressor is a

common practice. This valve should be completely closed

when pumping down of the test condenser is required.

c-‘ Valves no, 3 and 4 are installed at the
refrigerant-vapor inlet and outlet“oﬁ the liquid separator,
respectively. Their functions are similar as thoése of valve
no; 1, g |

d- ﬁpcated at the liguid outlet of the liquid separator
is valve no. 5. This valve is usually closed, and opened
only when there is liquid refrigerant built-up in the liquid

separator.

“e- Valve no. 6 controlling the vapor flow to the test

'.;ondeqsér 48 usually open, and‘cfosed only during pumping

- &)

f . * - =

'
4
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‘during the operation of the system.

" down of the test condenser. .

f- Located in the inlet vapor pipe to the ltiid
reservoir (i.et' the full size condenser) is valve noc. 7.
This valve is used to achieve a fine adjustment of the
condensing pressure reqiired in the teét condenser. It also
serves td create a pressure differencé between the tesé
condenser and the liquid reservoir so th;t the pressure in
the former is a few kPa ﬁigher than_ that in the latter.
This pressure:differenge allows a continuous condenséte flow
from the test condenser to the reservoir passing through the

liquid receiver, thus making it -possible to collect and

measure the condensate flow leaving the test condenser.

] v
e

g- Valves no. 8 and lq#ate used to iséigte,-the test
condenser from the liquid receiver when pumping down of the
test condensér is required. Valve no. lp is mounted in the
pfessure balance pipe (nn), while valve no. 8 is mount?d in:

the liquid line (j). Both valves are normally fully open

- : )

-

»

h- Valve no. 9 located in the liquid bypass line (pp)’
is normally closed.- This pipe serves to pump down the test
condenser and during this*operation only is valve no, 9 set

fully open.

A
. 14

- In the liquid line (i) between the iiquid recei&et

\
‘
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and ‘the liquid reservoir there is a valve no. 11. When the

rate of ' condensation is to. be determined in the 1liquid ‘'

receiver,'.this valve. should be fully closed. Epi'the dther

system,operation, it may be partially or fuily open.

o 2

j- Valve no. 12 mounted in the quuid'outlet pipe -from =~

the liquid reservoir is normaily open. It should ,be fully

closed when pumping down of th test condenser or . replacing
¥ ¢

A)

" the fllter-drler is requlred

.

. k- ‘Replacing the filter~drier }also‘réqﬁires clasing

valve no. 13 which is located‘between‘the filter-drier and.

the .evaporaﬁor. During the normal operation of the system,
this vaive should be fully open. . . V, )
. PR . _ ’ v

- 1- Valve no.- 14 lnstalled in the cdmpreésor suction

1ine is usually fully open durlng the normal operation of

-

R 1]

. the system. - - .

-

[ 5

- " When mixing 6il  with * the refrigerané, the
refrigerant vapor flow to .the booster compressor is

controlled by valve no. 15, while no. 16 is uUsed for the

returning vapor to the oil atomization chamber. Valve'

no. 17 serves to transfer the refrigerant vapor trapped in
the oll receiver back to the-bvoster compressor.

AS

vy
B e
- ‘ ~
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- trappgd in the suct}on-llne accumulator to the ©oll receiver,.

\."v

R s " Y
~ Usually,it is closed: . ' ,
.. . . R .\.tw <, . ‘,bt . ] . ‘t{?’ﬁ?
b - N ! - - : -
- - N - ”~ A - » . i . N
Y =t . ® .- '
- . b- ~ valvve nd. 19 controls' the oil flow from the.suction

- - . * *

line separator to"ghe oil reteiver. °Itf ¥s usually fully

—

. open - except at start up. when a temporary closing  is
. . : .
. 5o - v ' ' \
.required. . LT . . .
. ’ - " 1 4
. = ¢ - - AN [ it ’
« 7 ox . . o
AT - * . . i
. % _ «p- The oil flow from the compressor crankcase to the
¥
- - A > " . .0

~. ofl ieceﬁbet is .controlled by valve no. 20,.§hile the oil

.- flow from thq:recéiﬁér'to,thg oil Treservoir is controlled by

valve no. 21. . ' .

~

~

L . L
- . ! .
“
v
- . »

"_ g+ valve. no. 23 is mounted in the oil liﬁe‘?eading to

_; the a;pmizatioh,nozzle. For test runs of pure refrigerant,

[ - N »

~\. Ghis‘ valve is closed. Be51des valve do. 23 in .this }1ne,

-~ s ‘e

there is a flne\\Qgtéring valve _no. 22 whlch wacburately

‘controls the oxl,flow rate. This valve is only operational
-~ -~ ' v . . 3
.when valve no. 23“is open. , T T v
= - N Cw - - ¢ ’ v : .
~ e M "
A - *
- o~ hd
' r- Vidlves no,. 24 through 29 are for controlling, water
flow. ~ v ! ) . '
- - N : ’l °
. .8
-~ L e n ’ M t :
. R -~ b t - j
. L - o . . *

3.6-Instrumentation . . . .
Thermocouples, pressure gaugés';and a transducer: were

used to measure temperatures and pre§sufes of the

e
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L ‘{§ o ciréulatiné refigerant, oil and water at varlous locatlons

.fn-the apparatus. These measurement poimts are @s. follows-

5 ¢
5
A .o . . ‘
. Al . .

. R .
i 3 P 2] ‘o

-

1- Before and after the desuperheater, to ensure

: : : / .
. .. N ‘ ) e
“

(U) to chec that the vapor is sllghtly superheated .

at the -

that

the leaving refrigerant vapqr has been slxghtly superheate&

- S : s
o - ) 2- At he - vapor entrance‘to the o0il atomization unit

o " S . boosted condltion such that pre-condensation of the vapor Ls

. 1
prevented.

S L 4

A J o vy L

: ) measure the condensing.pressure with at ansducer.
4 N
e R ) (4

( ,
o 4 ‘ pressure gauge was also mounted .on the test"’condenSe;

‘@ - parallel with’ the transducer to-provide a quick check for -
* ' r € q ;

;‘u . [ a . s
' * the pregsure transducer setting
L RN

A LT ) ¢

&

[}
"

3-"Kt the vapor- section -4f the test .condenser

,
A di?}

4- In the single tube: condenser, thermocouples

.to

Y
in

g

were

.\,’P ’ « -
' attachdd to the condenser tubé at three equally spaced

i’ ) stations to me?sure the tube wall surface temperethre. (At
; r N ”each station,‘ feur thermocouples were embedded, ' at 90
a ‘e . degrees Qo one another, to. measure the tube wall
g ﬂé‘ "« 4 temperature. The average of the twelve localgéemperatures

=~ For the

yielded t?e mean condensing tube wall temperature.

multi-tube test's, two_the{mocouples in horizontal positions.
- at 180 degreeé to each other were employed per tube fgr‘each

station, thus a'total'of’tventy~£out readings were used to

3

6‘,}‘

~r

o

*
Avs o amey Bms e les
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yteld the mean con¢eqsing tube wall temperature.’
., . ‘ . . . a .
‘ ~ ‘ ' } 5 -

5- At the liquid line leaving the test congenser to <

cqndensate'rete mayﬁbe/agcurately determined in the 1liquid

" receiver.

6- At Ehe full  sgize dondenﬁer to monitor pressure

g

"variation and to determine the vapor condition.

- ¥ ‘ \ :4 X ‘ d-?* ) .
‘' 7- At the liquid outlek of the full gize - condenser to
N ° N ‘ .- i 4 ’ N @\ '
check the subcooling *f the condeﬁiate.
. . et s Y

8%’ At a point before the expansion valve to indicate
any variation in the subboolfng and pressure in ' the 1liquid

oy Phad t

line. e ‘ : , P ,
N o L T ae {
4 . - . -0

¢ s .\ . 3 s L — .

 9-'-At a point  after =, evaporator to record both ..

°

temperature and pressure. . : B

’10- Inside thib oil receiver ) Vachum gauge  was
installed to indicate the pressure durlng separatlon of thé~

. L)
dissolved refrigerant from' the oil.

¢ , “‘\
ll- In the reservoir, to measure oil Eemperature~.used

fqr the calculation of oil mass flow rate. ; g

T ( - 59 « . " K .
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measure the éubcooling “of the condensate . so that the ‘({//ﬂ
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g

12- At the inlet to the atomization nozzle, a liquid
Vo . . .o .
filled pressure gauge and a.thermocouple were mounted. This

"type of pressure gauge was chosen because pulsation can

’

R¥

. .
develop in, the fluid during pump oper%:ion. .

13~ At the cooling water inlet»;forj each condensing

r

tube, a thermocouple was installed, while at the outlet

.three thermocouples were used for tﬁé single tube condenser

r

and one for each tube in the- multi-tube condenser.

4
L4

The ‘thermocouples "~ used in this étudy' were of
N . . ’

. . - . * " ~ .
copper-constantan, Two types of pressure gauges were used,

with and without a calibration device. For the most

sensitive measurements required, such as condensing vapor

pressure',and liquid éressdie, gauges with a calibration

t device were ghployed; -All the thermocouples and. pressure

gauges were calibrated before installation.

r
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'2- The condensation of oil vapog/mixtures.

by increasing the cooling water ‘temperature.

Geneialiy; theagyperimentai procedure may be divided

» -

into two main features: . ‘g

1- The experiﬁental procedure for the condensation of pure

refrigerant vapors; and R : ’ N .

4:1-§!xperinentay Procedure fo r"COnéénsation of Pure’
Refrigerants: i - / :

~ 1- For the 32.2;C‘(90ﬁF5 vaporisaturation temperature,
all tests were . started at the maximum achievable vapor té

surface temperature drop, whiqp was limited by the available

city water temperature. ‘But for 40.6 and 48.Q°C (105 and

120° F) vapor saturation temperatures, the cooling wagerk«

tempérgture was raised to bbtéin a similar temperature drop
to that of thg"xow temperature case. In the following

conseéutive test, the temperature drop was reduced gradually

S

At the beginning of each’new set of ' tests the water

*

barrel (R) was filled with frésh\cold'waFera To maintain

‘the lowest poésible water temperature for the first run of

. the 32.2°C (90??§ tests, the water supply valve, no.. 24 was

kept fully open, but' for the:40.6 and 48.9°C (105 and 120°F)

. .
. s . . .
~ v
. . A .
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tests, the valve was adjusted. to deliver the regquired mass
flow of cold gater: )The water level in tbe barrel was

maintained co‘stant by the overflow.
¥ ’ L S -

]
Al

2- The ' latent heat required to boil the liquid

¢

refrigerant in the' evaporator ‘is supplied by hot ater
circulating between the ésﬁporator and the water 'heater.

'The heater and the c1rculating pump should be switched to,

-

-the "on" p051tion ‘before putting the experimental set-up

-t ¥

into operation. Failure to do this might result in a water

'freeze'and_pipe rupture within the evaporator.

s . .
.
<

3- The water valve no. 26 mounted 1n the cool1ng water

- circulating loop (ff), and the suction 1line wvalve:  no. 22

it L T
”~

r som et e
N
—

must " be _fully opéb before switching on the cooling water
pump. These two valves were examined prior to each pump
operation tou ensure proper cooling and lubrication of the.
Jump'’ s shaft seal and 1nternal surfaces. It is important to
note that the pump must not be run unlegs the case is full'/

\

of water.

4- For good practice, water flow inside the condensing
tubes should generally be turbulent, in other words, water
velocity should be maintained as high as permitted by -the.

water pressure drop, because of its direct influence on the

water .side heat transfer coefficient. In this study, the

range of the water velocity,.l.2 to 2.1 m/s (4 to 7 ft/s),
.o » 4 ‘4

~
st
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P

was selected for the following two reasons:

. h P | ‘ o
a- To simulate the water flow condition. in  the

water-cooled condenser of a refrigerant“system.

-

i

b- To achieve a reasonable cooling water temperature

&rise inside the condensing tube.

i . . .
! y
-

The required veloc1ty was set with valve no. 27. With

the opening and closing of this valve, the water mass flow -

B L
rate, through the conden31ng tube, was varied. After - each

'setting -the water was col}ected in a designated bucket per

“the .valve setting was held constant and four additional °

t

unit time, and weighed. When a mass flow rate, with water

velocity between 1.2-2.1 m/s (4-7) ft/s., had been achie;ed,

water flow measurements were taken. The average water

»
kY

\ Do
. If, however, the pil level is higher than the normal level

velocity was then determined'based on the five measuredEnts

taken.

. 5= As the 0il -level of the cdmpressor‘crankcaSePhight‘
rise due‘to refrigerant migration from the system components
and ' condensed in the crankcase when the crankcase heater is
off, the oil level should be observed before putting the

conpressor into operatlon. It should be noted that during a

shut-dowE?perlod ‘the heater must always be kept eénergized.

~

seen through the sight glass provided in the crankcase,‘ the ¥

.
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[ |
- .condensing pressure, the cooling water flow rate through the

-

- heater should be examined and switched on. Any attempt to
operate the compressor with too high a liquid ievel in the

crankcase may result in compressor valve damage.

» 4 \ )

ta
. b

6- The compressor is started after having adjdsted the
+ A \

-

A4 . »

system componerits as .described above.

* L
‘
e Wood

[ * o ~

- i . [ A

7~ Adjustment of system testrpreééh;e:” Ll
1

pressure may.be.obtained in the Egst condenser,ﬁy\adjusbin§

‘ 4 * - < . : M : ’_
yvalves no. 7, 11, and:-valve wv. Thé cooling water valve wv, e

‘installed at the imlet to éhe'fu}i size éondgnsgr‘kliquig
reservoir), coﬂtrois ‘the 'préssume of-ith; ‘entire .siéte@.
apﬁbmatically.” The valve is set to “open ‘at a definité '

;'bondensing_pressuke. If, afte; start- up of the cﬁmﬁkess§f,_

)

the system pressure is considerably less than the required
‘ ' * .

full scale, condénsqr should be 'decreased by’furn;ng the,
valve adjﬁstmen£ k;ob. The decrease in thg fgtw raée(of the
‘cooling‘ water causes_;he'éystem pressure‘to ri;e; Pressure
shouid be applied gradually so as go’give the §ystéh time to .
achieve a'“steady-stéte condition. Tﬁe hiéhést pressure
which may be reéched. by adjusting vaivé’ (wv) should be .
between 34.5~68.9) kPa (5-10 psi) lower than the -d : |

" condensing préssure in the test condenser..

I

i e e

Having started the compressér, .the . desired. \test “.

H

» -

.

»
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. . : g RN : .
. . ' may Dbe ‘achieved by obstrugting the vapor flow through valve

“no. 21, while kégping the cooling water temperature constant

. ,anb ,vaive. no. 11 fu;iy closed. “Cénseq@ehtly; the pressure

5 will rise and may be observed in the gauge until the.desired
« ’ } ¢ .

tesﬁ pressurfe is reached. Extra care should be taken when
J e ¢ l ', . .
,adjusting V4lve~ no. 7 as pressure . variation is highly

sensitive to the valve setting. - : L , .

+

"It is important that the test,pressure remains constant

v . .

whether valve no.:11 . is, closed or

¥

ir

partiaily open. To

.achievé this, a certain liauid level should be maintained in
the liqgid refrigerant - receiver to prevent “vapor from

escaping . to the evaporator. This requires trial and error
] ' +

adjustment of valve no. 11 "so tHat the rate of liquid
condensate .received from the test condenser is equal to the

rate at which it passes ' to the full size condenser.

" » 8- The vapor admitted to the test condenser is required

to be 1-2°C superheated.’ This~was'found impor tant because

3

any condensation in .the vapor supply line can result in a

high 1liquid accumulation rate in the liquid receiver, thus

causing an over estimation of the refrigerant side heat

transfer rate and - a poor heat balance between the

refrigérant and water sides. N N

The superheategd vapbr tgmpérature " is ‘controlled by

. +

¥ _ N
P L 67, -
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« ., The desired’conderising pressure in the test condenser
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. and, (c) the constant satd¥%tion pressure.

- ~ Y .

édjﬁst?hé ) the cooiing:- water flow ‘rate through the
desuéé;heater with valve ﬁq. 29, If any 1liquid condensate
i; _present ' within :tpe vapor lggving the desuperheater, it
can bé monitoéed visué;ly'thrbﬁgh.theﬂsigﬂt giass installed
J ;at the liquid separators Valve no. 5 pay be kept ?lightly‘
open so that any éeparated liéuid would be expanded into the

_compressor suction line.

t

’

[

9- Having finished all the"adjustments required as
described above, .and before taking any measurements, the
system should be left  operating -until steﬁdy state

conditions are reached. These conditions may be identified

Y [N

by (a) the constant inlet and outlet cooling water

temperatures, (b) the constant superheated vapor peMperature° s .

.

-~

\

10—~ After steady state conditions have reached at a
certain temperature drop between the vapor and the wall

surface, measurements may then be taken in the following

5
)

sequence:

N

a) Rate of condensation was obtained by collecting the .

\ -

condensate in ‘the 1liquid receiver with valve no. 11

completely closed. With the aid of a stop watch, the rate
of liquié 'rise in tﬁe receiver may be recorded. To repeat
the readings, valve no. ll 'should be. reopened partially i

until the liquid level drops. slowly back to its iditial w

. °
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repeated. .

L
-

level. After each condensate collection, it is important to

scheck the stability of the saturation pressure and the inlet

water temperatute. For each-test run, ‘four readings are
’ 4 .

reéuiréd_ and their average _will be used as the rate of

condensation.

b) The th€rmocouple temperature méasurements {in

millivolts) were manually recorded. It was found important
that when switchiflg from one thermocouple .to the other,
several seconds® of time interval were needed for the

measurement to stabilize before recording it. ’ L

+

.c) The next test ruhs'were~'cariied out at the same

cdndensing pressure but with reduced ° temperature drops

»~ )

across.the_condensétg'film. - For each subsequent temperature-

drop, thé éahe prbcedurés as discussed in (a) and (b) were

L)
v
.

~ - ‘. ' ' "~ FE = ‘ T * -
v’ U v * ? i v "
To reduce the temperature drop across the condensate

- )

film, "the .cooling water temperature was rajised whileé the

cohdensing temperature was held constant. By closing valve

"no. 24 ip " the bate{"supply “line, th§ water temperature

inside the reservoir tank can 5be'fraised, thus . the water

*

. entering the test cohdenser- becomes ha;mer:,ﬁoﬁce having

obtainéq the -desired inlet- watet temperature to  the
"¢éondenser, it 'shouid‘pé.maiﬁtgined.constapt by‘conttplling .

valve no. 24.
. . o}
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" next. run, the pressur€ in the test condenser fluctuates. due

.
o’ -
" »

d) While adjusting the cooling water flow rate for the

r ~~

to-the change of the vaﬁor surface temperature drop, (AT).

»

For any temperature drop’fﬁé preséure must be regulated by
i a .

adjusting valve no. 7 so that a constant pressure may' be

AY

»

maintained throughout the test. ) . LT .

A

-< -
‘ -
A ——

e) Before taking measurements -at new vapor surface

3

temperature drop, the steady state conditions must be.

examined again. B o .

4,1lel- Callbration of the flow meter: - .
As_prev1ously stated, the float type flow meter 1s~only

accurate when it is operated under - ‘similar conditions to

those at which it was calibrated. Therefore, -for each

refriéerant tested in this study and at each saturation

.condition, the flow meter was calibrated.” Thus relatipns

.beéween the flow meter float level and thé condensation rate

were developed. These relations made it possible to achieve

the desired conéensate rate. Hence,.'constant‘ oil to -

,

refrigerant mass ratios can be maintained during the various

- tests.

Calibration of the flow meter was made during the

condensation of the pure refrigerant. For a certain vapor

- state, the float level indication was recorded . for each

condensation rate at a constant tte%peraturg difference

, = 70 =

N
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¢

between the vapor and the tube wall.

e

A

]

-

It is important when recording the float level, that
the liquidhcondensate in the liquid receiver is maintained.

~
-

4.2~ Experimental Procedure for éopdenhation of Oil Vapor

.

Hixture:l . "
* The experimental procedure described above may'&be
considered as“the starting procedure for the tests conducted

with the refrigerant oil mixture. After completion of the

start up procedure, the experimental apparatus should be

allowed to achieve steady state condition. The rate  of

condensation may- then be determined by starting with the

[}

. largest vapor to sur face temperature drop (a T )*simila: to

those obtained for the pure vapor condensation. The rate of

'

condensation is'obtained by observ1ng the float level in the.

flow meter and then referring to the developed calibration

" figures. Thus, the maximum oil flow rate requi;éd may be

calculated for the desired oil to refrigerané mass ratios.

.
o M Coe g -

AR A

With the oil pump (P) running, the oil pressure is

,controlled by setting the pressure regulaéing valve (W)“ so:

| that a pressure of 200-275 kPa above the refxigerant

ondensing pressure is maintained in the oil piping. The
1 heaten is then switched' on and the temperature

ntroller' is set 2-4°C higher -than the regrigeranﬁt

“

oo

.«



~ trial and error method.
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condensing temperature. \y‘
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. The most suitable procedure)for tha1qing an aécurate‘

mass ratiowas found to be that of firéf‘ randomly setting

, l . . . ) V( .
the. o0il flow rate and then adjusting the refrigerant mass
'flow rate accordingly. This was:appliedfto all tﬁe runs fér ',

a group of tésts, but 1n addition, and only for «the startlng( 

run where a ( AT ) 51milar to that of £he pure refrigerant
condensation, was malntalned, the o0il’ mass flow rate for the

largest rate of coendensation had to be fixed first.

However, it was found difficult to achieve the right }Jnaé,s;. |

ratio when the refrigerant flow rateis fixed first and then

the corresponding o0il | flow rate second. Instead, the oil

metering valve no. 22 was randomly set so that any oil flow ™

'rate obtained could be used as long as it was close to the

calculated value °requ1red for the 1argest. rate of'

condensatio?. This approximate flow rate‘was obtained by a

+

s

" The oil mass flow rate measurement procedure is as

.

-follows:

1-. Having a steady pressure in the oil pipe, the
pressure in the condenser is maintained, at .the saturation
pressure;

2- Opening of the shut valve  no. 23 allows the oil to

pass from the reservoir to the atomization nozzle. .The rate

of fdll of the oil level in the oil reservoir indicates the

L bbb




rate of oil mass flow rate.

Having measured the oil mass flow rate for the first
‘ruﬁ, the required percentage of refrigerant mass flow rate,
may then be calculated. \The(hrefrigerant flow rate’ thus
‘calculated, ' is the rate of condensation which should be
obtained by varying thé‘%ooling water inlet temperature to
the condensing tube. The variation 1in the rate of
condensation can be monitored by.ébserving the float level
in fhe refrigerant vapor flow meter and referring that to

the calibration figures. When the float reachés a level

4

that matches the calculated refrigerant mass flow fate,»the

)

corresponding cooling water ‘temperature should then be

"

maintained. .

-

P

Next, when valve no. 15 is in a closed positich, the -
pressure boosting comp’gssor (Q) is switched on. The amoﬁnt
of refrigérant drawn from the main circuit by the boosting

compressor to achieve atomization - -of the o0il is controllqg b

by setting the valve no. 15. This valve has to be set such

1 -

+

that the boosting compressor disghaggq pregsure is 40760‘k§a

"
T on . N t

above the test cqhdensing pressure.

,

- 4
» N

Before attempting to | take any measurement, the

e

-

following points have to be techeéﬁed: .

‘1~ Congtant ‘oil pressure and constant condénsiﬁg

~

pressure. w _ oL \

e
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i T LIt 1§Eﬁe51rable for "designers to be able to predlct the -

) ‘ heat.  transfer, coeff1c1ent. encountered durlng fllmw1se ,-° ,
R . 4 & *
- -~ 4 - J -

. v, : condénsatlon.of refrlgerant vapors mlxeq w1th* "oil.. 'The , o
s .

- _ analygis presented here attempts to obtaln theoreth&l s . "

- »

y ' models for the heat transfer - coefficient fof ‘a sxngle 8 -

n S »

N

‘. horlzontal tube and a vertlcal bank of horizontal tubes. ,
N e ar 1 Y s L F , * .
}' - » v ) . hd ® - - ) + i & . .
- . . » + - - b w N
- 5J1- singlé horizontal,tupe model: e T -
. & ." v . . +

In the physicai .model giéureﬁks); a CIQSS sectional

.
N

-
-

N y
! > T Lot . .
-~ ’ . . . . e N

a v “‘view~ofﬁthe“cohden$ing tube of qadiug (r)- .is shown. A

, . e I N ‘

. S N 5 Lt ,' ;
x fcondensate—oil mixture of thickness (& ) covers' the .surface L

) . ]

. }‘,<pf the tube and rnns\down undér the’ imfluehoe‘ of hgrébity;
% w with veloclty (v). ‘The (x) coorainate\meésures tme'dist;nce‘
.&{npqmal to thevsurface whlle the (y),coordanate measures- %hé'\e , ;_"ﬂ
7 - . -
”‘ N, distandé falong ””the ) circunference pf'_the tube. - The L ’
*o qonden51nthube is asgumed ;o ‘be ;iﬁualed in_a’ quieeéent; o

1] -~
< * . N 1Y ,

hlxture of oil fog and refrigerant-vapor."The(mixture-is et
“ . < ‘ PR
¢ ) - g ;he Eefrrgedanf saturatlon temperature (T,%. The - surface * "t .
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~'1 refrlgerant condensate, but" ratherq‘ds,,an ‘01i—reftxgefant

““ mixture ids aamatted to theacondenseg, a single phase

. surface oh wh&ch futther oil paﬁtlclés arrxve and~more vapor
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condensés at éthe llqu1d yapor’ 1ntefface between the 011
x <, -~ . P
part1cles Thus, the 11qu1d layer ;ncreases~ in thlckness!
t -~
untll it runs down under - the dnfluence'cf grav1tyu f : '
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Y, A& a result of the hxgh SélubllltleSLOf halogenated
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réfrigegantﬁih the'lubricéting oil,
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completely mlSClble oil and refrige;ant vépor
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of thlckness (6) is fo;med on the conden51ng

~

surface”

5.1.1- Assumptioné
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Figure - (7) is a three dimensional physical 'mbdel
représenting a céndensing tube sector of unity length and of.
radiug _{r). The coﬁdensing vapor approaching the elemental
liquid layer contains uniform oil particles which are at the

vapor condensing temperature.

At the tube surface, the oil particles cover a certain

area(d Ay, of the element, while the vapor condenses on the

remaining ejgfsed' area(d Ar)'k where. the latent heat is

‘released. Ta ing the liquid subcooling into consideration,

the total héax transfer to ihe~cooling‘surface woﬁld be the

sum of the latent heat released plus the heat of 1iqﬁid

.subcooling., Thus thefeneigy equation is: (Ref. 14)
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Figure 7 : Physical model and co-ordinate system
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Where the left hand term rebresents Ehe total heat transfer
" rate through the cooling surface. On the right hand side, '°

the f}rst kerim ' represents -the latent heat transfer in the

. , @
fractional area (Ag ) and the second ' term represents the S
: liquid subcooling. o ., :
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Finally, the mean heat transfer coefficient for condensation

of oil-vapor mixture on a single horizontal tube is:
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5.2~ VERTICAL ROW OF HORIZONTAL TUBES ANALYSIS: L, T
.

The same argument discussed for -the condensation on a ~ .

-
-

single horizontal tube in section (5.1) may be applied for £

the'verticql row of iN) horizontal tubes.

~

L ]
Tx

5.2.1- Assumptions N
A1l the assumptions used in section 5.11 are applied to

1

.the case of muipitube condeneation, in . addition, the

o

following assumptlons are also considered:

1- The condensate rate between the tubes is neglected

-

2- No rappllng occurs in the condensate layer when the
liquid descends from a top ;ube to the iower one. !

3~ "Subcooling of the ligaid layer is negleéteé.

4- No condensaté splash takes place, i.ena all the

condensate leaving a tube is received by the lower one.
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5.2.2~ ﬂultitubq analysis : (Ref., 4) . T

From the analysis of the sipglé tube, the liguid flow -

on one side of the tube per unit length. was found; _
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For heat transfer by conduction _through the 'liquid

film, the film coefficient (h) is defihed by:-;
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transfer coefficieﬁt will be
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Neglecting the subceoling of the refrigerant a'nrj
assuming a lingar temperature drbp across the 1liquid film,,

the energy balance over a single tube section 4is , 3
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For a vertical bank of (N) horizontal tubeé,v the
condensate ~leé§ing a top tube is the condén;ate received %y
theltube below. Thigjpefﬁ;ts a simple consecugive addition

by neglecting the condensate irates betweenhéubes, the result

"will be

where ‘

'y ,*‘-‘ (
S
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A mean coefficient can. be introduced .by the energy'

balanqe

where hm is to be the mean coefficient for the vertical bank

of (N) tubes.
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‘ Finally,
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the average heat transfer coefficie
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5.3- Liquid mixture thermo-physical properties
S The . thermal and physical properties of thé oil-
: refrigerant condensate mixture used in this study were
obtained and calculated from published figures and formulas
‘as follows; : .
f ) 7,
.o _ Lt
r 5.3.1= mixture density Pm: - “
. R . ) x" M /
For  the estimation of the <density of the oil—f;
kefrigerant §olutibnq the following formula quoted in Ref. .3
{ 35 ) was used , | . ) -
. - ' P ’ . .
S e L E, L R e (R 1Y
, ‘ R | ‘ . | .
A + fe— - B
[ ! 1+ ( 1 ') L - o
. ;P : o -
. " . C L ‘
where ' .
. pm”= oil—refrigerantusolutionldensity.v '
; } . ‘,
- ¥ . . , : - » )
%o = pure 0il density at the vapor sur face “average
L temperature, ( obtained from Fig. 8 ). o
w
\ , - 107 =~ :
\ »_}‘ v
. : ‘ 5
3 1 4

- .
e emeptalr




Pr = pure refrigerant density,.

. 2.
Y nyn

5.3.2- Mixture viscosity Mm:
The mixture viscosity was estimaté&h from
viscosity-temperature ffgures\gispég in Ref.( 35 ). 1In the ..
& 3

range of solution temperatures and oil percentages used in

this study, i.e. 15.5 °C (60°F) < T< 54.4°C (130°F) and’ ™

E4
- A\
o,

0 < 2. < 20%, part of these figures wefe eniarged and redr.awn

X . v
on ordinary scale, as _shown in Figu;eSL( 9 and lq Y. To-

hl

“
v

establish the viscosity “-lines for concentrations iandihg
s

from 2 to 8 per cent, the oil concentration ranggtbetween 0

to 20 % was divided into ten equal spaces, and paréllel

lines were drawn.

5.3.3- Mixture thermal éonductivity Km
A formula given in Ref. ( 36 ) was used to calculate’
the oil-condensate solution thermal conductivity. The

formula, is; : .

km ='kr W+ kO Wo -0.72 [ k0 - kr'] W W

where

k, = Pure refrigerant. thermal conductivity at the

2 -
EPEE S U ST ol

By i, . ' M i




-~
g

~i

vapor-sur face average temperature.
o

ko =

o Pure oil thermal conductivity at vapor-surface

average tgmperathré, Figure (11).

W, and wo are weight fraction of refrigerant and oil in

the solution.

5.3.4- Mixture specific heat Cpm :
Reference ( 36 ) has quoted a formula by which a
mixture specific heat may be estimated;' the formula is

where ‘ - =e-e---(5.66)

po = specific heat of alkylbenzene based

refrigeration oil, ( obtained from Fig. 12 ),
kJ/kg. C.

pr.- specific heat of liquid refrigerant

kJ3/kg. C.
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CHAPTER 6

"RESULTS AND DISCUSSION »

6.1- Experimental results and correlations;

In this study R-12 and R-22 vapors, pure and mixed with
oil, weré condensed on horizontal plain single and 4 tubes
stacked in a vertical . bank. Condensation tests in( the

presence of o0il were conducted at oil to refrigerant mass
1N

ratios of 2, 4, 6 and B8 percentages by weight.

Y

. R-12 was condensed on a single 25.4 mm O.D., 15.8mm

0.D.  and a vertical bank of 4 horizontal 15.8 mm O.D.

\

tubes. Pure vaﬁor and vapof-oil mixtures were condensed. at
zjﬁ:;;fiiee different vapor saturation temperatures, namgly 32.2,
~40.6 and 48.9°C (90, 105 and {60°F).J\The eiperimental- aaté"
obtained for pure vapor condgﬁsatioh of R-12 bn\the‘simgléi

and multi-tube cases.are listed in Tables, (1-3) "for each :f

saturation temperature., The data - obtained £pr'.thé

condensation of vapor=o6il mixture . at the 'differeh;/ oil

percentages used in this -study "and at each saturation
. . ¢

A}

-

temperature are listed in Tablés ?4-7{) }8;11) =éﬁd ﬂl2—1§)‘

for, the single 25.4 mm thbe;‘thé‘single 15.8 mm tube and the

multi-tube case respectively, - . - : P .
} LN ~ . . -

N

IS P - N -
.
\ f ° -
Lo~ ¥ '

Another refrigerant, R-22, wag condensed on a single.

5.8 mmyyo.D; ) horizontal: tube and a'wertical bankﬁof'4,
- s - oo vt Lo
t ‘ - —‘ . , R ~ h

. .
[ * S - ’




e s

)

-«

B

\ K . \ .)‘ \/

hpgiiontal.tubes, 15.8 mm ' 0.D. each. . Pure vapors and.,

. vapor-oil mixtures were condensed at 32,2° and 40.6°C (90°F
N ‘- (" «\.
and+105°F) saturation temperatures. CondenSation in the

Ppresence of o0il was conducted at the same oil to refrlgerant

"

mass ratios as those used,for R-12. For both single tube

and multi-tube. cases, the pure vapdr condensation data are

-

listed - in tabies (16) and (17) and the vapor-oil gmixture

condensation data are'listed in Tables (18—25).J‘

Al . ' ’
- y .
) ¢ - s .
ey ’ A .

For each refrigerant, . the saturation temperétqres

.
, - . i LI

( Ty were " determined by cbntrolling( the cofrespondihg

condensing pressure precisely in the test condenserh‘ This

e

was made pos51ble by the appilcatloﬂ of a pressure

transducer. L L : V!
(33 -]

. = >, ' -
s bl

P - The tube surface ‘temperéthre; ‘used to gbteiq: the.

~temperature drop across the iiquid £ilm layer;‘ (aT, < T,

- . -
- L] -

14

- Tg )y . ‘'was the ‘averége ‘of tge7 total Ehermocbupley

measurements at dlfferent pornts«of the pon&ensing 9ur€pce

- v N ¥ > ok S

Y ' . < ‘ ST oo

( ~ ‘. . v, Bl
-

- 7

-

The heat’ transfer rate durlng the condensatxon process

A ~ g

- was obta1ned by measurlng'the'rate of lquld condensate mass’
enterlng the llquld recelver and the temperatuée rlse of the
cdeling water pa551ng through the conden51ng tube. In tﬁe
cese oﬁ pure vapor condensat;on, ,th I1quid entering. the

T . . - . 9 ) o
‘recggver is a pure refrigerant condensate, hence, the ‘heat

: . . ' o o o

transfer .obtained by the, two methods is: ¢ S
- - v, ' ") ‘ ‘ ¢ Y

* .o v
S \ L \ -~
=116 - v

- - N . .
- + ~ ~ » N N » /

o

1




,//"\’:/ ) . ' '
\ N !
"; ) Q = hfg Mr - -
) o BN ' ‘ % +
: S = .
and . 0 Mw.cpw ( Two = Twi )
4
In the case of oil-refrigerant condensation,. the rate
* of 1liquid condensate as a part of the mixture'entering the
liquid receiver was obtained.as follows:
. P :
hd = - 0 —— i 6.1
| P S , - (6.1)
.o Trw [ —2.1] <. "
» ‘ P (Ref.35)
where - . PR
. P = Mixture density at the saturation temperature Ty . »
T Po = Density of pure oil -at the saturation temperature
Ve .- Ry A
T - . .
v . . .. .-
“~"' °Y = Density of pure refrigerant at the saturation
. T | temperature T, . ’
. 0 ’ . “ % ,
* .-  ™p.= Weight fraction of refrigerant in the mixture. .
. & ) -~ N Y - 'a PR
1 . \ A “_ . . ) \
" . ., The . liquid mixtore volume flow rate entering the
. . P b . '
receiver wad estimated by medsuring the rate of liquid rise:
/o “ v R : -
Anu‘ + 1 - A" ’ ‘ i
LN V - . 8 ' ° ’
~ % / t , " . - - “ .
r ~
:' * -‘ 11,7 hand
= b SL. y A ‘ .-
v . . ‘ ..
“ 1 I}
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g h P 13 % ~ - v : 4 .
¢ . * s £ ‘ .
. , - N , T .
hd . . o J 3 j
- g - ‘ - , . R s,
1 » ¥ 3
- ] ': & 13
. . e - .
s o L LA B ‘J."- ° . § . ’ -
ann \ ; . ~ " s ]
. ‘ ’ V= ['Lz-/L1];A ' .
‘ - " > ‘ o memeecaeaea. mm——-(§.2)
‘ A ~ f 4
[ LA N -
, . v , . . ) - ‘\ " .
[ W ~4t '\. -y " “
— "
- 4
. where ™ v “ )
v ‘. v, P . " *
- Lz <, L1 ). =_Raté ofrchange of liquid level in
.- Y Sa -~
. o . x Ny - r
. e .. . R . the Yeceiver, m/s. e
) , - Y, NoOTv s ! 7 .
A s = N re 2 <
. I, = Receiver crbss sectional area), m“ . .
‘““ e ~ Ny ~ v ’:‘ .
- o . ¥
. 4-\ « < i °
oo . . r » t -
‘ If M, o > * ~ :
: . i t is,"the mass flow, rate of thes . liquid
~ R ¢ ! e
b s # N )
" “mixture entering the receiver ,then: )
o, ' 4
- \V .
V" + 3
. , o ) ! > ’5'.- v ¥ .
Y % 4 It
X N .
.&,‘ - . )
. , M v ’ (6.3)
%ef = ANY O Ty e aweacsesee - -
. , A t pm » P ,'
i L ( v "'_ 4
. I v *~
W , At a steadyvstate condftion, the mixture mass flow rate
o to the receivervis egual to the sum of mags rates of the
"'45 3 * i
refrigerant and oil éntering the test rcondenser:
“y < w - ,
5.0 g ' ‘
3 - e .
\ = Y - i g o - ;
. ok - Mt Mr 'Mo / - - (6.4) i
v - -
//:,!,, / :g,. “.( ] ,J- . . 4
. K f* el .
whetre :
g Co L : . T
. ) M. = Refrigerant mass flow rate, kg/s )
% 574
. ‘ ‘M, = Rate of o0il mass atomized, kg/s “ ;‘f P
s - ¢ ?F
;}‘ . - . N - iy .
!E 4 ’-“ ¢ ;’ X
i . . - ‘
. B
: Lo | he ~
. /
p ¢ -
3 w : :
¢ T Cn
P - hid " ¢
¥ ' . v W o= - ‘ -
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2 = o o ) \ ' : ' ’
If the o:il to refrigerant mass rat,iq" My / My =2, then
~ B Moo= 2 M -=ez----(6.5)
- ,A' ‘/
X ' by combining equations (6.6), (6.4) and (6.5) and
¥ ) ' . .
. - selwing for (Pm): ‘
o =~ (1+1) ST B
m ) v N . N . :
3. ' N «
) substitution 6fl eguation (6.6) in eguation (6.1) yields - the
P » . . .
liquid condensate mass flow rate to the liquid receiver:
- ) . s -
5 N | g p
N ) { 2 — 3} eemeee- (6.7)
v ' r 'l + Z , . po -
'.' 'T"l'wr[*'—-'l]l .
) r
Neglecting the subcooli’ng;, the heat transfer ra‘te is then:
P L f
. -
-
) : Q Mr hfg.
N - [ 'E
; vhere ‘ h ,
b . ”
» #
%t . x ) B . Y ,,
’? ‘ ) N hfg"' Latent heat, kJ/kg
: : - -
to
PR o .
i - 119 -
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e

The heat transfér . coefficient ( h ) . of condensing

vapors, pure and mixed with oil, . were then calculated by

~

Newton's equation: ¢

<

where;f Q ,and T, ape ’?easu;ed, Ty is the condensing
temperature and Agis . the condensing surface area. (see
computer programme in Appendix 2).

IN

i

T

6.1.1- R-12 Pure vapor.condensation - .

!

Film coeffitients foricondensing R-12 pure vapor on the ‘\ﬂ

external surface of a single horizontal 15.8, 25.4 mm O.D.

A

tubes and vertical bank of 4 horizontal 15.8 mm O0.D. tubes,
at the ‘condensing temperatures 32.2, 40.6 and 48.9 °c (90,

105 and 120 °F) are plotted in Figure (13).- Nusselt's

equations derived for these cése% were solved at 32.2 °C

) saturation and the results are shown in the same figure.

Nusselt's equation for multi-tube condensation modified by
Kern Ref.( 15 ) is plotted. Aléo White's data Ref. { 1G"L_'
based on 32.2 °C saturation temperature are shown for

comparison.

i
°
- 4 a

-

The experimental data for the condensation of R-12 on
. ]
both 25.4 mm O.D. and 15.8 mm O.D. single tubes were
.correlated by one empirfgal relation: )
RS \‘

o | - 120 -

e o o e s 7 1

SR TN
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L R e T

AT g

[

in 'which ( D) is the tﬁbe,outéidé diameter and ( C ) is a°
constant calculated for each test point and tube’ diameter.

®

The average ‘( C ) -is calculated and, hence, the empiricél

¥

equation deduced for the single tube is: .

T
h = 1010 [ ——]
D AT

\J

0.25 -

3

Equation (6.9) is plotted in Figure (13) "and seems to

represent the experimental data for both tube diameters

quite accurately. i /// N
o . \
H' . / \
»~ . By comparing the experimental results for batp single

and’multi—tube.conégnSation with Nqsselt's equation;\fb} the
saﬁg cases, it can be said that , for the single tube case,
the data kave the same pattern as that'of’Nusselt's theory,
i.e. h « (oT )=0.25 | Byt the data obtained from the
multi-tube condens&%}on tend to rise when (AT ) gets
larger and thus deviating from the theory pattern, i.e;

h « (AT )¢ where ( e ) is less ;ﬁan 0.25. g

- 121 - b
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PSS,

“h=1010 [—]
A

In order to find the actual exponent of (AT ), the

multi-tube results were plotted on a log scale as shown in

Figure (14) and a straight line of slope ( -0.25 ) was drawn

-
through. By inspection of Figure (14) it was,Z found that

this 1line does not represent the

average of the data;

therefore another line of slope ( -0.2 ) was drawn and found

v

to better weigh ahd. average these data.

"

In deducing an empirical equéﬁion to correlate the

¢

multi-tube pure vapor condensation results, an attempt was

.
x

made to modifylequation (6.9) by keeping the'same constant

(Cc = TOI0 ) butgchaﬁgfng the exponent of (AT ) from

( -0.257) té ( =0.2 ) and introducing ( N ) the number of

tubes. Thé equation thus found is:

e

.I.'b' '
0.2 ar
1

« D AT

R
Sy

in ~

with' N=4, the g&ponent ( B8 ) thus
This equation (6.10) was found

exper imental data satisfactorily.

e P
.

calculated 'was 0.171.
not to represent the

Since N-0.167. ywas -

recommended by Rern Ref.( 15 ) and Ivgnov Ref.( 23 ), it was

used in equation (6.10) and the constapt {C) for each

'point was cglculaﬁ%d. The average constant ( C ) was

obtained and the empirical equation for the multflfgbej‘

’ ~
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case is as- follows:

.. * ' '

R ,
4 : . » [
.

-~

o ~M1 1 1
- “D A T N

>
"

“
v ¢, -~
- - . b
\ ‘ .

.. ‘Equation (6,;1) is plotted in Figure (13) and seems to
well represent ;hé average of the multi-tibe pure vapor
condensation Kresults. Also, Nusselt's equation for
multi-tube condensation, and Nusselt's equation modified by
Kern, are plotted in the same figure for comparison.

&

6.1.2.,- R-12 vapor-oil mixture condensation

The expefimental heat transfer coefficient ver;us film
temperature drop of condensing oil-vapor mixture on a single
horizontal ® 25.4 mm and 15.8 ﬁm 0.D. tubes are shown in
Figures (15) and (16) Fespectively. In these two figures
the data obtained at different oil concentrations, namely 2,

.4, 6 and 8 per cent are plotted and compared with the pure

vapor condensation. These results indicate that the

[

presgnce of oil mixed with the condensing vapor affects the
heat transfer coefficient. The higher the o0il concentration
the lower the coefficient. From Figure (13) the comparison

of the pure vapor data pattern with Nusselt's prediction

-
.

confirms that h =( aT )=0.25 | fn Figures 1{(15) and (16)

the patterns' generatéd Ly’the_expgrimental points for the

e S Wi

ARt S
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various oil concentrations are the same as' those for' the
pure vapor data, which indicate that for single tube
oil-vapor condensation, the heat transfer coefficient, also,

varies with ( AT )~-0.25 | -

- Since it was possible to correlate the pure vapor
condensation data, generated by the 25.4 ™m and 15.8 mm O.D.

tubes by a singlé' equation as shown in Fiaﬁre (13), this

’equgtion was modified to include the oil-refrigerant mass

ie

ratio (2 ) so, that it can be applied for the oil-vapor

condensation. The modified equation is:

]
h = [1010-¢C2])[—1%%8
on D a7

-

Id

All the data: for .oil—&apor condensation plotted in

Figures (15) and (16) were used to evaluate the constant

(C ). The deduced empirical equation is:

J

-
h = [1000-146077 [ — 1028
m D AT -

o

Equation (6;13) was plotted in Figures (15) and (16)

3 \\ - 124 - "
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showing a good correlation of the experimental results for
both 15.8 and 25.4 mm "O0.D., tubes at wvarious oil

percentages.
‘ S

-
Q

The heat transfer = coefficient obtained for the
oil-vapor condensation on the vertical. bank of 4 tubes are
shown in Figure (17). Data of 2, 4, 6 and 8 per cent oil

concentration are plotted and compared with the pure

component results. As for the single tube, the results show

that the presence of . 0il reduces the heat transfer

coefficient.

-

The empirical equation developed for the pure vapér
condensation (equation 6.11) was modified to predict the
oil-vapor mixture condensation on a vertical bank,of 4

tubes. The equation is:

”

ho=[ 898 - 1550 2 ] [ ql__]0.25 [ 1 ]0.2 [ _l__]0.167
m - D AT N

——:(6.14)

Equation (6.14) is plotted in Figure (17) and seems to

reasonably represent the average of the test data.

4
' [

\\

c
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" © 6.1.3~ R-22 Pure vapor condensation results

[’

o

The ‘heat transfer coefficient of condensing: R-22 pure

< M .
vaporf}é”\plotted against vapor-surface temperature drop

-

L Tye = pg ) in Figure (18). Nusselt's equation for the

<. -candensation of R-22 on & horizontal 15.8 mm O.D. tube is

d

also plotted for comparisaen. - = 7 -

-

i~

° The " experimental data listed in Tables (22) and (23)

are correlated by the following empirical equation:
8 A 4 (:w ' , '

=
"
3]
~
s
o. .
ny
[Sa]
)
'
'
[}
'
1]
'
]
]
L
——
=)
—
»
S

“nt

in which, the constant ( C ) is calculated for each test

eY

-

L point and ' the average is obtained. The empirical equation

e

thus deduced is:

L3

. |
h = 3560 [ —— 3°-25 ¢ meeiemeena(6.16)
N AT L K]

E

Equation (6.16) is plotted in Figure (18) and seems to

represent the experimental data at the “saturation

"
S RO e s
.

' temperatures 32.2 and 40.6 C (90 and 105 °F) quite

\
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;accurateiy. ' . -

' As° for R-12, ' the -data obtained from the single, tube.

- ¥ J—

- T tests form a pattern similar to that generated by Nusselt's
theory, i.e.  h « (aT )~0.25 ' -t
- ‘J M .

-

v L, - The experimental data obtained from pure E}1—-22

g »

coridensation on a vertical bank of 4 horizontal, 15.8 mm

- 0.D.  tubes are plotted in Figure (19) along with Nusselt's

" , e i v & . .

_ : theory, for mudti-tube condensation. The pattern generated
, .

v

. ’ * by the data’ was found to be different from that of the

theory, hence the data were plotted on a log scale, Figure-

(20). By directr-measurement, the actuai/giape'of (AT ) was

»

¥~ ¢ foupd to be ( -0.2 ) rather than ( -0.25 ), ‘which is game as’
thatzgﬂguP?or R-12.

With the , exponent of (AT') thus found, and the
£1s - H N
exponent, of (N):.as 'suggested by Kern and Ivanov, Ref.(15)

znd (23) fespepﬁiﬁely,’the'following empiricalyequation was

. de?ucedé ‘ ; i
+ . N ’:‘ ' ~ ’ ; (/\\v
. " Y ) . Te T , o '
’ t . .: ‘?1 v .lYih] ~6 2 1 0 ]67
T o™~ = 3380 [ —— 1" [— T eememaee-- (6.16 a)

. ' AT N . - .

hi
4
-

<

where the constant i§%“th§ average of all the constants’

“ !

" -evaluated at each test point.

i
-
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Equation (6.16 a) is plotted'ih Figure (19),—whete it -

shows a good‘agreement with the experimental results.

' 6.1.4~ R-22 vapor-oil mixture condensation

The éxperimental'data obtained from the condensation of

oil-vapor mixture on a 15.8 mm O.D. single tube are shown

:iﬁ Figure (21). The heat transfer coefficient - 9y@ained at

diffgfent oil concentrations, namely, 2, 4, 6 and 8 per cent

are plotted versus AT and compared with the pure vapor

condensation.

The empirical equation (6716) deduced for the pure
vapor condensation was modified to predict the heat transfer -
coefficient of oil-vapor mixture condensation. The mpdified

equation is:

. . 1
- . 40.25"
hm = L 3560 - CZ ][ ——1]

- (6.17)
AT |

¥

‘ -

All the data for oil-vapor condensation plotted in

?igure. (21) were used to evaluate the constant ( C ). The

average value of ( C ) was calculated and the deduced

empirical equation is:

‘ . .
iy N .
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h = [ 3560 - 3550 2.1 [ —— 19-%° - (6.18)
’ AT . A ’
- 1
. y i o
L} 4 ‘ - -

o :
Bquation (6.18) is. plotted in~Figure. (21) and shows a

good correlation with thg experimental data.

\ s N -
. ~ , b t I
> R ’ N i I3
A 14 L

- L . ,
The heat transfer coefficients obtained . for the*

’

4 \ -
oil-vépor condensation on the vertical bank of 4 tubes are

- s ' ’
s

plotted in Figuré (22) . Thé - empirical - equation developed ‘

for the pure‘ vapor éondensgtion, equation .(6.11)} was’
- - * ‘ ~

- \ PO
s g ¢ . g . P ‘ (]
modified to predict the vil-vapor mixture condensation on a

- v AN y
vertical bank of 4 tubes, The equation ist. ° -
s ' ' o « - ’ A J
Cos S N .
- \ . - -
‘ P WAL R T :
= [ 3340 - 3390 z ] [ ] [ ) R P (6.18a)
AT - " N
. ‘ z A . N -
‘-~ PR
“ _Jf ., .‘ T . A

Equation (6. 18 ~a) is

04 5
shows a ~good agreement*with thé experimental data. ]
. o T NN I
/ g . :
. T e - . ;
s : ' ‘5 i . L. ) £
4 ! v ’ LN - !
6.2+ Theoretical ‘results : ) .

The derived theo}etical.mdagl fok the éondensation‘pn a

~

single tabe i&: e L *
, .“' ) \ 1 7 . 3
- - ¥ ke - ” h .
- v IEEEN
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plotted in Fig ure (22) and it
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\ » , 1\ 2 "
- V4 . \\—')
T } ~ - N R
/ ’ ¢ 3 \ + ) d
- R , 2 4 .. 2 /.“
. £q 9P 3IAT. o C. @ o
g m . 'm :
0.75 0.25 e
0.725 k { + 1 } 4 "
m Yo (1 +17] -8 B oy -
YLy h = > = - . : i .
: m ‘ . ) . ‘ - ~ ‘ -
- - [ o~ AT ]0.2~5 ] - :
. <
"and ‘for the hulti-tube condensation .is *
3 v . ) "
. b., . ."-::
\ _ s > J 4
\\ rd A )‘ k]
. L ;
Soi 9 oo Meg oas . oo - w4
, h .=0.725 [ -0 [__9_] [— 7" o
_ e (1 +12) AT D N ‘ -
i _ | k .
. meiee e (6,20) '
. “ T ? ' Y i
. T¢* solve these two equations, the physical and thermal ’
. T . ‘ ) . .
properties of the condensate=-oil solutionk ~at oil
" . .- percentages used in this .study and at the average film
temperature, must be determined.

" Equations .(6.19) and (6.20) were solved at the vapor
‘saturation ‘temperatﬁre 32.2 °C (90°F), and';ccordinély'ﬂll

. the physical' and tﬁermal4properti$s were calculated at ihe

average film ' temperature” Ty 4 ( my + Tg )/2. Density,‘

2

' ~ 2 .~ - .
' thermal condgctivity, viscosity and specific heat of pure
.- C s - 130 - R4 ‘
- " by
- ' o B p' .":.
- . v ¢ L 9 ~ e ;



TN ! .o - I !
- R-12 and . R-22 _-are listed’ .in Table (26), while

)

o ' oil—refrigeiaqt mixtures pfcperties ‘at 2, 4, 6 and 8
. v . .

'peicentages vof ‘0oil” to refrigerant mass ratios are listed in
* L. " B . 3

.

o4 ‘~tables ( 27 t9~30 ) respectiveL}.

L - f “

R f
» \ ~ 1 - - .

P © Equation - (5.64) was used to calculate the

o (
. , S t /-
. “oil-refrigerant mixture dehsity for the different oil

N - concentrations. The pure refrigerant and oil densities

- . , required ‘to \sélve~ the equatiog were taken from Table (26)
I : .

h;\‘ ~and Figure (B), reépecqivély.

¥

f/ o . R—12 and R-22 oil solution Yiscosities,\at the average
;o 1‘ film- t?mperatures were taken from Figures (9) and (10)
» '/ fespegtiveiy at tye desired oil percentages. q
' ' , :
- Equation (5.65) was used to calculate the
\refrigérant-oil solution thermal conductivity. The pure

refrigerant solution for R-12 and R-22 were taken from Table

(56) and"the pure 0il thermal conductivity was.taken from
Fiqure (11). o . - P

- , . .
3 7 R .. >

) - "The specific heat of the oil;refrigerant solution - .for

different oil concentrations and at different film

' \\L/// . _tempérhture were calculated by using equation (5.66). The

.required pure refrigerant’ specific heat values were taken

. from Table (26) and'the pure oil specific heat values were

TR .
3 R ’

A found from Figure "(12). . ‘ .,

n e R Gt s e




) ‘ : . Y .
. The theoretical . heat transfer " coefficients for the

]

° S

condensation of pure R-12 _and R-22 vapors and vapor-oil
- mixtures on a single tube’'calculated by equation (6.19) and
t+  listed in Tables ( 3l to 33 ), pre plotted 1in Flgures {23)

and (24) for R=12 and Flgures (25) for R=-22,
o . . P

- e,

For multi-tube condensation, the oil-vapor condensation

. coefficient qalculated by equation (6.20), for botﬁ R-12 and

N R-22, are listed in tables (34)”éna (35) respectively.”
These. results are-plotted.'in Figures ‘(26) and (27f and

. comégred ~with - ,Nussé;p's équation for 'multfltupe\

condensation.
hY

To‘b;edict clgser “results to the actual’ condensing

~ -
s

coefficient} the' analytical equation (6.20) ﬁas modified.
The expoéené of (N) was changed from (- 0.25) to (- 0.167),
'and this modified ‘equation was evaluated at different
vapor-sur face temperaturé drop and different oil
percentages, for both refrlgerants used in this study. The

, results obtained are listed in tables (36) and (37) and

. plotted in Figures (28) and (29) respectively. The modified

analytiqal equatiog is: " : . -
"; °r?1 9 .0.25 , "Fq 40.25 1 0 167 |
; h, =-0.725 [ BB 77-%% 1297 ,.[T] '
‘ * SEURS
; T e (6.20a)

[~
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6.3.1- Single tube' tests,

&

6.3- Discussion of the‘eiperinental results: . N
. . s

" . - S o
A synthetic alkylbenzene refrigeration ‘ oil:

{ 150 SSU. at 37.7°C ;) was used to study-the effects of oil

» 1

érésenqp du;ing the condensation of refrigerants R-12 ' and

R-22 on the outside ‘surface of a single and a vertical bank

of plain horizontal tubes. Both refriéeraﬁts are completely

Aiscible ﬁf&h the alkylbenzene refrigeration oil, .

I

"\
-

R—;z,‘pure ahd mixed with oilfvapo;s, were condensed}at
kY -, ide

32.2, 40.67and 48.9 °C (90, 105 and 120 °F)” saturation
temperatures, while R-22 was condensed at 32.2 and 40.6°C

(90 and 105 °F) oﬁly. At éaéh{jcondénsing temperature,
. ® )

7N .

-besides the pure‘?épcr;“tests were conducted at 4 different

]

oil to réfrigerant mass raqios, namely 2, 4, 6 and, 8 per

l

¥
cent. . . :

“

o
L
LY - o +

‘ N . ' N .
‘ . 1 ' . £ T |
» ) . S 4

a- Pure refrigerant condensation . ¥ g

w

) ;
R-12 and R-22 pure vapor condensation test risuﬂts

shown in Figures (13), (18) and (19) were used ds the{ babe

reference for the condensation of oil-refrigerant mixtures

Lo
and to generate the flow meter calibration curves as ‘sho&n

in Figurés (4) and (5). A‘ ’ o }
, y
. . \ . . “ £ o
In Fiqure (13), the data obtained from the condensation e ;
. ‘ t ' "’ Ve v
) - - 133 -
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of pure R-12 vapor‘op the external- surface of a single
/, ’

Horizontal 25.4 mm and 15.8-mm O.D. -tubes at the saturation

temperatures 32.2, 40.6 and 48.9°C, are plotted.

The test data obtained from the condensation of ‘pure

¢

R-22 vapor on a horizontal 15.8 mm O.D. tube at the'

saturation temperatures 32.2 and 40.6 C are plotted in
Figure (18). Close examihation of Figures (f3) and (18),
shows that there is no appreciable . difference between the

data obtained at the condensing temperature range used in

. this study for both refrigerants. Although most of the data

follows Nudselt's théory so that the lower the saturation

temperature, the higher is the heat transfer coefficient for

the same AT, the experimental difference is much less than

" that predicted by the theory. Nusselt's theory based on

-~ -

32.5 °c condensing éemperature, for both refrigerants, is

" plotted in Figures (13) and (18). 1If the other two curves

based on 40.6 and 48.9 C were to be plotted, they would be

lower than the one based on 32.2 °C., This  indicates ‘that

Nugselt's theory based on 32.2‘@, for both refrigerants,

bre@icts results closer to the actual heat ‘“transfer

a'coefficients than that based on higher temperatures.

' -
1 1

. Based on. these results, and for engineering practice

where a simple relation may be used that can deal with |

differént cases, the results obtained from each refrigerant

~

condensation tegfs at the different satpr;tion . temperatures




weré 59ccessfull§ correlated by a single relaéion; Eguation
(6.9) plbtted in Figure {(13) is a good represenf;tive for
the condensation of R-~12 vapor. on both 25.4 mm,;nd 15.8 mm
0.D. tubes and at the condensing temperatures 32.2, 40.6
and 48.9° C. Also equation (6.16), plotted .in Fiﬁure‘(le),
‘correlates éhe data taken at the condensing temperatures
3212_qnd 40.6 C for refrigerant-22 vapor condensation on the

outside- surface of a 15.8 mm O.D. tube, quite accurately.
-3

)

POREY

was checked by a comparison made with other investigator's

. results. For R-22 vapor condensation, experimental data are

not available in the open literature. o

White's . data, Ref.( 10 ), _ obtained from the
‘condensation 'of R~12 vapor on a 15.8 mm O0.D. tube at 32.2 °C
condensing _temperature, are plotted in Figure (13). The
comparison yields a éood agreement petween these data and

“those - obtained .in this . study.. On the 25.4 mm O.D. tube

"condensatiod,‘ﬁest data were not found in the 1literatufie,

- M ’

.'théféféig;"the.results obtained were compared with the data

’ [

-obtained from-the 15.8°- mm O.D. tube which is alréﬁd&

confizmed;

usihg Nusselt's relation ‘ L .

- f

v ~ +

- I h « [ D ]-Q'ZS

. ' A\
, .

~ The consistency of R-12 pure vapor condensation results
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By transformation of the results obtained from the 25.4

:ﬂ'ﬁm 0.D. tube to the 15.8 mm tubé using Nusselt's. relation,

2

ny M » Naow ] .
a good agreement was " found to exist, from‘wh1ch it was

v

‘concluded phat_the data obtained from the 25.4 mm O0.D. tuge

" .
»

are also consispent! "~

. ».,’ + o i .
* . Y ~
, "By - comparing the experimental results of R-12 and R-22
vapor condensation with ‘the predictions of Nusselt's theory,
. i .

as-shown' in Figures (13) and (18), ig'is interesting to not

.

b’ . / .,
that the experimental results for |both refrigerants are
' | .
about 3 per cent higher than those predicted by the theory.
The two figures indicate that for both refrigerants, the

experimental data have the same pattern as Nusselt's theory

. and for the same AT, R-22 results ari higher than those of

R-12 due to the. relatively 1lower ‘viscosity and higher

o

thermal conductivity. -

s

i

_ In Figure (13),.Npipé}s data are also hidﬁer than the
tpeoretipal results, 'ghich is in contradiction with his
arpicle where Nusselt's Lhebxy was reported to be higher
than ‘the: experi@ental resuits, Young's results Ref.( 9 )

for the condensation)of R-12, .were..also reported to be

higher than the prediction of Nusselt's theory.

[T . Y

- : ~

~ ’ .
- - - v

1 P

r‘ ’ - . it
‘and_thermal properties /of the tested refrigerants were

In this .study as well as that of.Young, the physical

’t R4 -~ . n v
evaluated at an aveq%ge"between'the cgndensing tube and the

S . ” kN
. P e . .
& 1 ’ ‘
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condensing vapor temperature, Although White did not

J

indicate at what conditions the properties were evaluated,

he indicated that his results fall 13 per cent below the
Nusselt 1lines for all condensing temperatures and the

results of Young fall 9.6 per cent below. By coﬁﬁaring the

results obtained in this study and those of White, it is

concluded that the physical and thermal properties used by

"those investigators are different from the properties’

available at the present time.

- {

4

b- 0il-vapor mixture condensation

[T
In this study the rate of oil atomized and mixed with
the-vapor was always in a fixed mass proportion for a set of

rung. This procedure allowed the study of the variation of

the heat transfer coefficient with varying vapor to surface

c?nstant throughout the set of runs.
& [ ]

»

’Inspection of Figures (15), (16) and(lB) indicate that
the presence of oil affects the smooth tube condensation and
that the heat transfer coefficient is dependent on the

oil-refrigerant mass ratio. These results are in agreement

| with the conclusiong arrived at by Sauer, Ref.( 30 ). The

heat transfer coefficient was found to vary inversely with

_4(.

the oil to refrigerant mass ratios.

y

- Generally, in the literature, experimental data for the

-,'i37- . \

*

. temperature drop while keeping the oil-vapor mixture
; , :




] -

condensation of R-12 and R-22 vapor-oil mixtures are not
‘available, theréfore, a comparison with the'dg@ggqbtained
here cannbtt be made. The only experimental data available"
iq the literature are those presented by Sauer, with which'é
comparison on an absolute values cannot be made for the
following reasoné:

l1- Different test apparatus;

2~ Different,refiigerants;

3~ Different condensing tube diameter;

=™
1

Different experimental procedure.

The only comparison which possible between these two
tests, is that béth refrigerants i.e R-12 and R-22, used ‘in
this study as well as R-11 used in Sauer 's study, are
completely miscible in the refrigeration oil and . that the
presence of o0il in both studies caused a réducpion in the
- heat transfer coefficiénts. The results of Sauer as well Ss

the results  obtained here show that the higher the oil

percentage is, the lower is the heat transfer coefficient.

In this study, the heat transfer coefficients, for bothf

refrigerants, were found to be affected by the presence of
0il in any proportion, while Sauer stated that for oil
. percentages lower than 6-7 %, the presence of oil has no
appreciable effect. Thig differénqe iq the'result; between
the two studies for the small oil percentages may be.due'to

the difference in the experimental apparatus, and ’prodeﬁure.

3

3
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In this study, for each set of a fixed oil to refrigerant
: 0

mass ratio test runs, twelve or more. test points were
e

generated. Thus, for a 2 per cent o0il to refrigerant mass

ratio difference between two consecutive tests, some test
points may interfere with each other which may reflect an
impression of a non-appreciable effect, but averging of the

total generated test points shows a distinct reduction in

the heat transfer coefficient as shown in Figures (15), (16)

p———

"6.3.2- Multi-tube condensation / .

and (18}.

a~- Pure refrigerant condensation "\

-

Both refrigerants, R-12 and R-22, pure vapor ‘and
oil-vapor mixture were condensed on a ¥ertical bank of four

15.8 mm O.D. horizontal tubes. The pure vapor tests shown

in Figures (13) and (19) were used as the base referenee for
the condensation of oil-refrigerant mixtures on the
multi-tubes, and to generate the required flow ' meter
calibration curves; Figures (4) and (5).- Nusselt's equatioh
for multi-tube condensation, based on 32.2°C condensieg
temperature, is also plotted in Figures (13) and (19). The
comparison shows that the heat transfer coefficient for R-12
and R-22 are much higher than those predicted by the theory.
The difference between the theory and the exgeriments was

attributed to the momentum gain by the liquid descending
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.from’ the top tube to the lower and thé“ribpliné of the

condensate layer on the individual tube, neither of which is

. takén care of by Nusselt's theory, To modify -the theory, °

Kern, Ref.( 15 ),.4nd Ivanov, Ref.( 23, suggested thét:the
exponent of (N),‘where ?ﬁ) ;s the,number of tubes in a bank,
should be | -1/6 ) and ( —0.16«).resgectiveIY,insteéd of
f -0.25 ) which was obtained analyfically‘by Nusselt. The

modification of Nusselt's equation for multi-tube case will

be: . ’ -~ o . *
< o i
[ € '
' ) . 2 3 .{;
. p- k¥ h, g 1
ho = 0726 [——18° 10256 . (6.21)
- ' w AT D N

Equation '(6.21) is plotted in .Figures (13) and (29) and

H

‘séems to repﬁesent the experimental data quite accurately at

AT up to 8 °c. This, however, confirms that .the .

experimental results are consistent and agree’ with the
findings of Kern and Ivanov.. It is of interest to note.that

as AT gets larger, the deviation between the modified

Nusselt theor§ and the. experimental results increases.- When

[

AT beéecomes largér ﬁh(n é °c, the theory begigg -to
underestimate the heat transfer coefficient and this is due

to the increase of turbulence in the condensate layer as a

)
v

r
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result of the 1ncrease in ~the rate of condensation. By
- - -

~ v1sual obsepvation through the "shell w1ndows, it was hoticed
(e

" that as the rate of condensation 1ncreases, due to the

L]

increase of V AT, the turbulence;‘in‘ theg liquid 1layer

» . ’
R .

"increases End this cadses. the heat transfer docefficient 'to

rise. ' ! 4 -

4- a -
] LN B

” .
The .deviation between Nusselt's equatien and the

«experiments was tqken care’ of . by ‘the, empirical eqqetion

"lotted in Figure (13) and equation (6.16 a) plotted

gure (19), for 'R-12 “and R-22 respectﬁvelyi By

v a

comparison, these empirical equations<e§em to correlate the

o t ‘

pure vapor results more accurately than Nusselt 8. eguation
based on (N)~0:25 ana , (N)-1/6°, at all p T. = This was made
p0581b1e by finding the act;al exponent of AT from Fighres
.(14) and 420) as ( -0.2 ) instead of ( -0.25 ) which was
found analytically by Nusselt. Ivanov,‘Ref.( 5?‘), results

from ra” Qten tube vertical row bundle condensation ‘Were

correlated by  ( AT)ﬁO 148 and}’ he ~“concluded  that

conclusion agrees well with the finding of this study, and

the difference in the exponent of ( AT) can be attributed to

the differencey in the number of tubes in a :ow used in both

. A Y 37 . P
studies, ] ‘ P o i
v - “ AR .0
. ) . o F e o .
ﬁ' By comparing the results obtained from the single tube

' &nd.4 tube test&,conducted in this” study,’and the ten tube

h = (AT)"O 25 goes wot hold “for’ a tube bu?dle. His.

-

av

I VR




)
h

R

rat

" averaged,

S «wr
-

ot \
u" .

buﬂdle "'r'esults éytair'xed by 1Ivanov, Ref. (23), it can be fohr}d

?

s

that the exponent of ( AT ) has 1ncreased from ) (-0. 25) for

the single tube to (-0.2) for the 4 tube bundle’ and up to
(=0.148) for ‘the ten tube bundle. Within this range,” the
variation fo the, exponent of AT can give the impression

that it depends on the number of tubes .in a tube bundle.

-

The larger the numbex_i of tuhes, the larger‘the exponent‘.

.
- *

b~ Oil.vapor mixture condensation RS

~

- Like the single tybe tests, the rate of oil atomized

and mixed wﬂ.h the condens ng vapor was always in a fixed

53

mass ratio for a certain sét of runs.: This permitted the

study of the behaviour of the heat transfer coefficient when

. an oil=-yapor mixture is condensed on a multi-tube condenser.

.t . P, - . .
The results shown in Figures (17) and {22) indicate that the

é"_ffect of o}l pres‘egce on the multi-tube condei’xsation’is tae
same as that for é single "tube, in the .sen.se that, the
higher the oil percentage’ the lower “the heat transfer
coefficient. Also, the presence of oil in a'ny “proportion
was found’ to affect the qondensatﬁion and this is ciearly

‘shown when the data for different oil percentages tests were

In Figures (17) and (22), the results obtained from the
¢
condensation of R7/12 and R-22 vapors ixed with different

]

~oil percentages, seem to follow tHe same pattern as that of

the pure vapor condensatipﬁ. For T hi’;her than 8°C the

¥

e
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‘ fallﬂaabout 3 per cent below the experlmental'datg for both

I
A
¥

"

. _ ' . . PR
* rate of drop of “the heat transfer coefficient with the

k4
inerease of Ai? decreases for the: Same reasons as in < the

. A

case of pure vapor condensatlon, ‘i.e. the turbulence within

the liquid film, whose effect was found to 1ncrease wlth the’,

-
4\- ¥

1nqrease of AlT and cause a con31derable rlsekof the heat

transfer coefficlent. * - ‘ . P

-~
e
- ~ R . Lead

6.4~ Discussion of the theoretical Eesults . ' »

LI ’ T, .
- . 7 -
3 . d "

.

6.d.l—sin§le‘tube condensation - .

a- Pure refrigerant results _ ~ , ‘ L

Y

A\

By evaluating the physical and thermal propérties ot

R-12 and R=-22 at the average film temperature, Nusselt'

theory was plotted in Figures (13) and (18) and Ffound to
o}

v -

refrigerants. - This deviation may occur éartly\?due, to the

rippling of . ‘the condensate film»on'the cooling surface and

the assumption made by Nusselt concerning the linearityr'éf "

the temperature dlstrlbution. ; "

»

: , ' , \
- . . . . . &}/‘ ~S

In this study, the analyS1s revealed equatlon (6:419)

P bL

which” thes "into account the subcooling ~of the. condensate.
film and was‘ based: on a llnear temperature dlstributien.

transfer -

~

The theoretical 'pure vapor cqndensatlon heat

t

éoefficienés calculated by equation (6 19) are plotted in
Flgures (23) and (24) for R-12 and Figure (25) fog R-22.
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The ‘811 to refrigerant mass ratio Z was set to zerd and all

other parametets were taken from Table (26)
- » . t-
L : g 0 o . : ~ '

L .For both refrigerants, the analysis indicates‘thag the

effect of li uid’ subcoollng 1s appreciable only at high AT «

(i.#¢. _high rate of condensat1on), anda " this effécéw
diminishes as Ai-get smaller. Equation (6.19) predicts the
- L. heat transfer coefficient about 3.5 per cent higher than

v "~ ’ Nusselt's equation at A T = 22 C, and this deviatlon drop®
' to 0.8 per cent at— AT = 3 °c. .This means that this

v 'y

.analytical equation can predict the actual condensiné heat

. .. %,
e transfer coeggicients only‘at large AT, but at low AT, it

~ , ,
underestimates the results by about 2.2 per-cent.

_ By comparing the results obtained by the analytical
~ equation (6.19) plotted in Figures (23), (2@) and (25) and

the results of the empirical equationsy(B.Q) and (6.165 as
. . plotted in Figures (13) and (iB),lit.was found. that these

emgirical ééuations represent most of the experimental data )

more_accurately than the analytical equation at all aT.

-
. - ' Fd
. b- Oii-vapor mixture- cond*sation ' ’
* By selecting the‘appropriate values of the thermal and
} physicél prqperties of the condensate-oil mixtures from
) . Tables (27)-€o {(30), -and applying them in equation (6. 19) .
o the heat transfer coefficients for the condensation of R-12
S - 144 -
. » . .
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v

-

~

and R~22 vapor mixed with 2 4, 6 and\a per cent ‘by weight
oil were calculated and plotted in%Figures (23), (24) and

(25). 1In these figures thé theoreticﬂl results were found

to have a good agreement with the experimental data.

» . v
. .

Y - . 1
~>

Like the pure vapor condensatior, the oil-vapor.mixture

P

heat transfer coefficients calculated by equation (6.19)

.seem to #it the' experimental results at large AT where the

effect of subcodling is appreciable, and underestimates the

)

data at low AT where the effect of subcooling diminishes.

N [
»

&

:By‘ examining Figures (23), ‘124) and (25), . a good
agrement, is found;to.exiet between -the theoretical and the
experimental rresulte." In any case, within the oil
percentages used in this study, the average'decrease,in- the
conéEnsing “heat traneﬁer coefficient of R-12, for each 2%
increase or oil mixed‘with tﬁb vapor, is about 3%, but for

-~

i \
R=22 the .average decrease is about 1.9%. Theoretically,

X

this decrease is due to the variation of the liquid

properties on the periphery of the tube. \ T

! . \ | = \

’ ‘The,fexpe;imental and:'the theéretical studies show that
the condensing coefficient for R—22 is less- affected by the
presence of oil than that ofw R-12. X By comparing the
percentage chariges intthe.properties of the tno refrigerantg

when oil is present, Tables (32) and (33) show that the

presence of a 2% oil by height "+ will have a different..

4
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effect on the properties.bf the twe tefrigerants. R-12~0il

mixture dengity deqreasesfby an average of 0:9% while the

thermal conductivity and the ' viscosify increase by an °

average of 0.3% and 6.5% respectively. However, for

[N

R-22-0il mixturée, the density ' decreases by an average,of

0.62% while -the thermal conductivity and the viscosity

increases ty 0.13% and 3% respectively. It can be pointed

out bhat the controlling parameter is the. viscosiby which is

less affected in the case of R-22 than that of R~-12.

Y 1l
-

6.4.2. Theoretical multi~tube conpdensation

Equation (6.20): was derived to predict the7 heat
transfer coefficient of condensing vapor-oil mixtures on a

vertical bank of multiple tubes. Thﬁ required parameters

[

are llsted in Tables {26) to (30). Pure .vapor and vapor-oil -

mixture condensation results obtained by this equation, are

plotted in Figures (26) and {27) for refrigerants R;l2 and
R-22 respectively. Results of 2, 4, 6 and 8 per cent
oil-vapor mixtures are shown. Pnre condensation results
were. obtained from equatlon (6.20) where % was set}to zZero
and the pure refrigerant properties were used.

PN ‘ ‘ -,a»

i For pure condensation, equation (6.20) is the same as
anselt's equatien for multi-tube  condensation. This
equation is known to underestimate the actual heat transfer
coefficient.' ‘The exﬁerimental data for both refrigerants

(R Y
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are higher than ﬁusselp's theory by an" average - of i§ per

1

cent. Phe deviation between. the data and- the theory.wasi

found to get larger as AT increases. This increase of the
o deviation from small AT to large AT is due to the increase

of turbulence of the liquid £film as the rate of condepgétion

rised resulting in a relative increase of the heat transfer

. coefficient. 'l | 4

- v

~—. . In general, the deviation_ from Nusgelt's theory for

3

multi-tube condensatioﬁ Qaé attributed to éhe rippling of

the andensing'film, turbulence andlmomehtum gained by the

liquid,when descending from & higher_tube to the lower one.
By comparing equation (6.20) with' the ‘results of

Nusselt's modified equation (6.21) plotted'in Figures . (13 ,

29) and the deduced empirical equations 16.14) and (6.18 a)

‘»glotped in Figures (17 and 22), it was found thaé' the
analyticalllequation applied for pure vapor condensatiod;
underestimates the heat transfer ¢cefficient by an average
of 15 per cent, while the modified equation is good only at

" small AT, i.e.less than 8 °C, ‘aboéé which it also
underestimates the results because 6f,£he Eursulgnce of the
liquid f£film associated with larger condensation rates.- The
_deduced empirical equations were found t0rbe'the best to fit

~

the experimental results and for all the ranges of A T.

Similar to the single tube. case, the condensing heat
’ | , . .

[y . o
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transfer ‘coefficy‘nt predicted by equation (6.20) and (6.21)
for, oi l-vapor mixtures ,was found to decre.ﬁse with the
increase of the oil to refrigerant mass ratio. .For an

increase of a 2 per cent oil, the average decrease of the

coefficient /4As about 3 per cent for R-12 and 1.9 per cent

for R-22. T‘he patterns of the curves for oil-vapor mixtures -

4
are the same as that for pure con@ensa,tion.

* e 3

6.5~ Visual obbet,vatigns

a- Single tybe tests
The condensation process was observed through the

windows provided in the condenser shell. In the range of

the vapor-surface -temperature drop used in.this study, the
¢ondensate liqWid formed a smooth laminar layer flowing
downward on the periphery of the tube. At , T larger than
8 °C‘ it was possible to observe the formation of condensate

w'a\(es on the c_ondensing' tube, see platés (1 to 3) , but

" below this temperature, these waves seem to vanish, plate

(4). The deviation between Nusselt's theory and the

exéerimental data may be partially attributed to  the

>

formation of these waves.

Along the. %ower part of the condensiné tube, and due to

"' the iiquic_i surface .tension, a thick condensate  layer forms

-

A
hY
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drops, depending on the condensation rate, flow down. To

study the thickness of this condensate layer and the length

of the tube perimeter subtended with it, end view

~sfrom which céﬂt;nudus individual siréémsé or occasional *

-

phoﬁographs, plates (5 to 9) were taken for a 15.8 mm O.D.-

condensing tube at various rates of condensation. The thick

o

layer was found to start to grow at an angle 0 = 170 degrees

-and by direct measurements, the maximum thickness of the

liquid layer at angle 8 = 180 degrees was fouﬁd to be about

1.1 millimeter. It is of interest to note that, for various

condensation rates, the liquid layer thickness at the bottom

of the tube and the length of the perimeter covered are the

same.

L]

b- Multitube ééndensation

In the case of multi-tube condensation, the first’top
tube of a tube bundle can be considered as a single tube
condenser" where a smooth laminar condensatioﬁ takes place.
On the lower tubes, however, part of the condensate layer
é;ea is disturbed by the falling condensate from higher
tubes. As mentioneé'in the single tube case, the condensate
liquid leaving a higher' tube to the one below ca? th&e a

form of continuous individual streams or occasional ‘drops

+

depending og{ the rate of condensation. In both cases, the

»
descending liquid affects the laminar condensate layer of

"the tube below, thus forming disturbed or turbulent regions

in the areas where ;t arrives., By moving a 'way from the

4
. 'n

\
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‘foudhing poin%,,the.tu;buféﬁce‘decreases graduélly, Ehanging

[ t

~ o .

to iipplés. Then it‘vanishéS‘ang a smooth laminar layer is

1, M ¥ - y

observed to take place. .

-,
s

' " M
3 X A \ -

. -

The “distance between the descending streams reaching a

lower tube depends 6ﬂ’the rate of condensate flow. The

higher it is, the smaller is the digtance, .However, as AT
, -

gets higher, and .the condensate ' flow increases, the

percentage of disturbed surface area of a lower - tube

w o, L 4 - [ ! .
incéreases, thus giving a considerable rise to the average
. A $ 4 - - T
heat transfer coefficient for this tube. At a certaim AT,

the disturbed‘area on the individual® tube decreases ~when

1, -

going ‘from a lower tube to a higher one ,in the bundle. This

may explain tﬁé incréased deviatién betyeen"the data .ané

[P

Nusselt's theoty as numbegfgg tubes increases. \y
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TABLE 1

TEST RESULTS OF CONDENSATION OF PURE R'-v12‘ VAPOR
ON A HORIZONTAL PLAIN TUBE 25.4 mm OD 1620 ’“tnc

VAPOR -SURFACE

"HEAT TRANSFER

CONDENSING

TEST | TEMPERATURE DROP RATE COEFFICKENT
RUN 3 p) z
NO. “C - °F Wx 10 Btu/hg W/m § Btu/hy . ft*."F
“x 10 x 10
AT CONDENSING TEMPERATU%S 32.2°C (90°F)

1 16.2 29.3 2.65 9.05 1.26 222

2 11.6 20.9 2.06 7.04 1.37 242

3 8.0 14.5 1.55 5.29 1.48 262

4. 3.8 6.9 0.869 2.96 1.74 307

5 5.5 10.0 1.16 3.97 1.61 284

6 6.7 12.1 1.34 4.60 1.55 273,

7 9.7 17.5 1.79 6.13 1.43 252

8 13.1 23.6 2.29 7.81 1.35 238

9 14.7 26.5 2.50 8.56 1.31 - 231
10 - 13.6 24.5 2.29 7.82 1.30 230
11 6.3 11.4 1.31 4,50 1.60 . 283
12 4,2 7.6 0.973 3.32 1,78 314

AT CONDENSING TEMPERATURE 40.6°C (105°F)

1 21.9 39.4 3.38 11.5 1.19 210 -

2 19.1 34.4 3.00 . 10.2 1.21 214

3 13.6 24.4 2,31 7.91 1.32 232

4 8.5 15.3 1.62 5.53 ‘'1.48 . 260 ~

5 4.6 8.3 1.05 3.59 1.75 308

6 20.5 37.0 3.20 10.9 1.20 213

7 19.2 34,7 3.04 10.3 1.22 215

8 18.0 32.4 2.87 9.81 1.23 218

9 15.7 28.4 . 2.57 8.77 1.26 222
10 11.8 21.4 2.11 7.22 1.38 243
11 9,7 17.6 1.78 6.09 1.41 249
12 5.7 10.3 1.20 4.11 1.63 287
13 - 1401 25.5 2.41 - 8.25 1.32 233
14 8.7 15.7 1.63 5.57": 1.45 255
15 5.5 10.0 1.17 4.00 1.62 287
16 20.6 37.2 3.23 11.0 1.21 213
17 17.7 31.9 2.83 9.67 1.23 218

" * -
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. TABLE 1 (cont'd)

TEST RESULTS OF CONDENSATION OF PURE R-12 VAPOR

ON A HORIZONTAL PLAIN TUBE OF 25.4 mm OD X 1620 mm LONG

—
, VAPOR~SURFACE HEAT TRANSFER CONDENSING
TEST | TEMPERATURE DROP RATE ' COEFFICIENT
RUN _ T ; 5 o
NO. “C “F Wx 10 Btu/hgw W/m §' Btu/hr,ft=.“F
x 10 ‘x 107 ‘
- AT CONDENSING' TEMPERATURE 48.9°C (120°F)
1 18.4 33.1 2.93 10.0 1.23 218
2 14.1 25.4 2.40 8.19 1.31 231
3 8.6 15.4 1.60 '5.48 1.44 255
4 11.2 20.3 . 1.99 6.81 1.37 241
-5 4.5 8.1 - 0.98 3.36 1.69 298
6 16.6 29.9 2.73 . 9.31 1.27 224
7 14.3 25.8 2.39 | 8.16 1.29 228
8 10.7 19.3 1.92 6.57 1.38 244
9 ‘5.4 9.8 1.17 4.01 -1.66 . 292
10 17.8 32.0 2.85 9.73 1.24 218
11 15.2 27.3 2.84 9359 . 1.27. 225
12 12.8 23.0 2.18 7.46 1.32 233
13 9.4 17.0 1.7% 6.00 .1.43 253
14 6.5 11.8 1.34 4.57 1.58 278
15 8.0 14.4 1.53 ° 5.24 1,48 261
16 2.2 4.0 0.60 2.07 2.11 373

T i e b i i
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TABLE 2

TEST RESULTS OF CONDENSATION OF PURE R-12 VAPOR

ON A HORIZONTAL PLAIN TUBE OF 15.9 mm OD X 1470 mm LONG

Y

HEAT TRANSFER

VAPOR-SURFACE CONDENSING
CTEST | TEMPERATURE DROP RATE- COEFFICIENT
RUN 3 ) T
. ] C °F Wx 10° | Btuhg | WmZK |Btu/hr.fti.°F
x 107 x 107. '
AT CONDENSING TEMPERATURE 32.2°C (90°F) ,
1| 1.0 30.6 1.78 6.10 1.43 251
2 | 131 23.6 1.41 4.83 1.49 263
3 | 10.2 18.4 1.19 4.06 1.57 278
8 | 5.2 9.44 0.74 2.53 1.92 339
5 | 6.8 12.3 0.91 3.10 1.80 318
5 | 8.4 15.2 1.07 3.65 1.72 303
7 | 121 21.9 1.35 2.61 1.51. 266 -
8 | 14.6 2.4 1.57 5.36 1.45 256
9 | 2001 36.2 2.01 6.89 1.36 240
10 | 235 12.4 2.17 7.40 | 1.25 220
n | 207 7.3 .99 | ‘6.8 1.31 230
12 | 175 3.5 1.76 6.01 1.36 241
13 | 12.6 22.7 1.37 4.70 1.48 261
14 | 6.6 12.0 0.84 2.88 1:72 303
15 | 4.5 8.2 0.66 2.25 1.97- 347"
AT CONDENSING TEMPERATURE 40.6°C (105°F)
T | 26.2 | 4.6 2.37 8.10 - | 1.22 215
2 | 23.2 a1.7 2.18 7.44 1.27 225
3 | 18.2 32.7 1.87 | 6.38 1.39 246
4 | 13.4 24.2 1.46 4.98 1.47 260
5 | 20.9 37.7 2.05 |. 6.99 1.32 233
6 | 15.8 28.5 1.66 5.67 1.42 251
7 1 1. | 200 1.27 4.35 1:55 273
.8 | 7.9 14.3 1.00 3.42 1.71 301
9 | 20.6 71 1.97 6.74 1.30 229
0 | 17.3 31.2 1.75 5.99 1.37 242
11 | 138 24.9 1.48 5.06 - | 1.45 256
12 | 1.2 20.3 1.27 4.36 1.54 271
13.] 9.2 16.6 1.13 3.88 1.67 295
14 | %.0 10.9 .83 | 2.84 1.86 328
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TABLE 2, (cont'd) . -

TEST RESULTS OF CONDENSATION OF PURE R-12 VAPOR

ON A HORIZONTAL PLAIN TUBE OF 15.9 mm X 1470 mm LONG

L)

" VAPOR=SURFACE HEAT TRANSFER | CONDENSING
TEST | TEMPERATURE DROP .RATE COEFFICIENT
RUN ] 3 2 - -
NO. “C “F W x 10° Btu/hg W/m § Btu/hr.ft=.“F
3 x 107 ° x 10 -
AT CONDENSING TEMPERATURE 48.9°C (120°F)
1 25.6 . 46.1 il 7.90 1.22
2 2.4 40.3 .09 7.15 o L7
3 18.6 33.5 .86 6.36 - 1.36
4 14.4 25.9 .51 5.15 " 1.42
5 12.0 21.7 .34 . 4.58 1.51
-6 | 83~ '15.1 1.03 3. 52 1.67
7 6.0 10.8 " .816 2.78 1.84
8 21.9 39.5 2.09 «7.15 . 1.29
9 19.6" 35.3 1.93 *6.59 1.33
10 15.6 28.1 1.65 5.63 1.43
11 )7 11.2 - 20,3 1.33 4.54 - 1.60°
12 3.8 6.8 772 2.63 1,91 -
g .
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TABLE 3 S 1
3 ' 8-
' TEST RESULTS OF CONDENSATION OF PURE R-12 VAPO
,:) .\ e ’ ) A =
ON FOUR BORIZONTAL PLATN TUBES, j .
15.9 mm OD X 812 mm LONG, IN A VERTICAL BANK .
e i . _'s . . ;
-} YAPOR-SURFACE / | HEAT TRANSFER - CONDENSING -
TEST | TEMPERATURE OROP | -, RATE COEFFICIENT
RUN  |— i ' . , y . .
NO. ~C °F Wx 10° | Btushg | wWm“k |Btu/hr.ft®.cF N
) il x 10 X 10 <z v{
r X el . .
AT CONDENSING TEMPERATURE 32.2°C (90°F) - | :
\ ‘ .
1 | 20.4 36.7 3.71 . 1.12 197
.2 4.5 |. 2.2 2.76 . 1.17 206
3°] 9.8 . |~ 17.77 | "2.00 . 1.25 220, |- 1
4 | 6.1 11,0 1.36 4 1.36 200 :
5 3.9 7.1 .995 . 1.53 - 270 LI
6 | -21.6 38,8 3.98 5. 1.13 200 -
7 | 17.8 | 3290 | .333 3 v15 | 203 |
8 12.0 . 21.6 2.42 .26. 1.2 - | o218 . '
9 8.0 14.5 1.74 5)\95 1:32 238 | ;
10 ) 23, | a2 .| .672 2.29 1.73 . 306 - N
* . JAT CONDENSING TEMPERATURE 40.6°C (105°F)
1 2.7, | 39.1 3.91 13.3 1.11 195° ..
2 18.9- 4.1 3.46 .| 11.8 1.12 198
3 16.5 29.7 3.06 10.4 1.14 | 201 ﬁ
4 | 14.2 256 . 2.71 9.27 | 117 206
5 11.6% 21.0 2.32 7.93 1.22 216
& | 8.2 14.8 1.70 5.81 | 127 | = 224
7 5.8 10.4 1.29 4.42 1.37 262 ' |
i 3.1 g 57 - .781 2.66 1.50 265 |, :
2.1 ] 38, | .585 1.99 1.69 |- 2% - .
’ AT CONDENSING TEMPERATURE 48.9°C (120°F)
1 29.6 ‘37.1 3.67 ,| 12.5. | 1.09 193 - y
2 17.8 32.0 3.19 10.8 1.10 | 194 o
-3 149 | 26.8 2.80 9.58 | 1.15 204
4 1.6 | 209, | 2.30 7.85 1.21 14
5 8.5 15.4/ | 41.800 |1 6.15 | 1.29 28
6 5.8 1048 1.32 4.53 | 1.41 248
-7 4.3 7.8 1.06 * | 3.62 .1.49 - 263 #
8 | 2.8 5.0.° | 766" -| 2.61- | 1.67 | _ 295°
NS 1]
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TEST RBSUL‘.I'S or CG!DEBATIW or 2% OIL AMD R-12 HIXTURR

mamnrzouunmmrmorzsc—onxuoo-mic

r

A
’

*

~
VAPOR-SURFACE HEAT TRANSFER |, . CONDENSING
».| TEST | TEMPERATURE DROP - { RATE COEFFICIENT
-~ . (| ruN . y——————
== 5 | NO. “C “F Wx 10° | Btu/hg | W/meg " |Btu/tie. ft°.°F
. x' 10 x 107 :
* AT CONDENSING TEMPERATURE 32,2°C (90°F)
P ERATURE 32.2
, ) | 16.8 30.3 | 2.27 7.76 1.21 213
14.9 26.8 * | 2.05 7.01 | 1.23 218
: 3| 11.1 20.0 1.64 5.62 1.32 234
R B O N 16.3 | 1.42 |»4.85 | . l.40 | 247
R DRI A 12.8 1.18 | -8.02° 1.48 17 - 261
S 6-| 4.5 8.2 83| 2.8 1.64 | 290
r 4‘)/ AT conoensms TEMPERATURE 40. 6\“‘ (105°F),
' 1 | 20.6 | 37.1 2.66 9.10 1.15 204
y 2 | 17.&7 | 30.6. | 2.32 7.92 1.22 215
3 | 12.5 |. 22.6 1,84 6.28 1.31, 231
g 4 | 7:6 | 137 | 125 | 4.29 1.48 260
| 5 |. 6.3 11.3 .08 | 31 1.54 272
el 6 | 5.0 9.0 .902' 3.8 | 1.60 283
, ' e . e
- \/ g 0 f AT conusnsms JEMPERATURE 48.9"C (120 -
. 1| 18.2¢ | 32.8 T 293 210
- 2 | 14.9 26.8 |- 2.05 217
~ 3 ) 9.1 .| 16.4° | 1.42- 246
; 4] 7.3 13.2 1.19 256
d 51 5.4 . 9.8 0.94 275°
. . | : a
¢ ' v
i - v » o
f‘ ’ a
v o ' I
o .\ ’ N , v ‘( ' .
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AN e ST - 156 -
.", ‘ v I W
. RN
- ¥ \ S ’

e d

P S

o TE e e el aX T, o




b e

<

3 L2}
© a

./

-

TABLE 5

K

b

-

#  9EST RESULTS OF CONDERSATION OF 4% OIL AND R-12 MIXTURE

"'ON A HORTZONTAL PLAIN TUBE OF 25.4 mm OD X 1400 mm LOKG

i o
- - | vAPOR-SURFACE HEAT TRANSFER T CONDENSING
TEST | TEMPERATURE DROP RATE ' COEFFICIENT
RUN . \ '
NO. “C “F Wx 10° | Btuhg | W/m°K |Btu/hr ft°.°F
' 1 x 10™ x 10 o
AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 16.1 29.1 2,21 7.56 1.22 216
2] 13.3 24.0 1.907 | 6.50 1.28 225
3 6.9 12.4 1.12, 3.83 1.45 256
4 5.2 9.4 914 3.11 1.55 274
5 | 4.5 8.1 | -.806 2.75 1.59 © 281
6 10.9 19.8 1.66 5.66 1.35 238
7 | 12.8 23.2 1.85 6.31, | 1.28 227 |
8 |-15.4 27.7 4 212 .| 7.25 | 1.23 217
"~ AT CONDENSING TEMPERATURE 40.6°C (105°F)
1 8.0 14.5 1.28 4.39 1.42 251 .
2 6.5 11.7 1.08 ~.| 3.7 1.49 263
3 5.0 .9.1 886 3.02 1.56 274
o 18.2 32.8 2.4 8.25 1.18 209
5 13.2 23.9° 1.88 |. 6.43 1.27 224"
6 15.1 27.3 . | 2.06 7.05 1.22 215
7 ] 10.5, 19.0 | 1.57 5,37 1.33 234
_ e b
. . AT’ CONDENSING " TEMPERATURE 48.9°C (120°F)
1 17.9 | 32.2 2.32 7.92 | 1.16 204
2| 15.7 28.4 2.10 7.18 | 1,19/ 210
3 11.7 21.1 1.69 5.77 1.29 227
© 4 9.4 17.0 1.41 4.83 - |- 1.34 236
5 7.0 12.7 1.14 3.91 1.45 256
6 5.1 9.2 .877 .2.99 1.53 270
7 |43 7.8 | .780 2,66 1.60 1 282
W - N K
e . ot \ :
H - . ‘'l : N
- ? ’
C ) . f - 157 -, ¥
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, TABLE 6
TEST RESULTS OF CONDENSATION OF 6% OIL AND R-12 MIXTURE

ON A BORIZONTAL PLAIN TUBE OF 25.4 mm OD X 1400 mm LONG

’
.

v o B g -

, VAPOR-SURFACE HEAT TRANSFER CONDENSING
*'TEST |.TEMPERATURE DROP RATE COEFFICIENT
RUN - . 3 ¥ 7
NO. “C "F | WwX10° | Btushg | wim’g |Btashr.ft°.F
: x 10 x 10
AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 7.3 13.2 1.16 3.98 1.41 249
2 9.8 17.7 1:46 4.99 1.32 234
3 |.11.5 20.7 1.65 5.66 1.29 227
4 14.7 26.6 1.96 6.70 1.19 209
5 | 13.4 24.2 1.81 6.20 1.21 213
6 5.4 9.7" .91 3.10 1.50 264
7 2.5 4.5 .09 | 1.67 1.74 307
. AT-CONDENSING TEMPERATURE 40.6°C (105°F)
1 4.4 8.0 783 |- 2.674 1.57 278
2 | 16.3 | 29.4 2.1 | 73123 117 | 206
3 10.8 19.5 1.56 5.328 1.28 | 227
4 7.8 14.1 1.20 4.125 |, 1.38 243
5 6.7 12.1 1.04 3.560 1.39 245
6 12.5 22.5 1.75 | 5.973 1.25 221
. AT CONDENSING TEMPERATURE 48.9°C (120°F)
1 16.8 |- 30.3 2.19 7.479 | "1.16 * 205
2 13.8 24.9 1.87 . 6.413 1.21 214
3 10.4 18.7 1.49 5.106 | 1.29 227
4 7.6 .13.7 1.18 4.040 1.38 - 244
5 4.8 8.7 .813 2.776 1.50 P64
6 3.3 6.1 625 . | 2.134 1.65 ° - 290
. ‘ v "
/ ' )
: L
. N o R
’ A,
‘ -
\ hd - isa '-
w ‘ N : N
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TABLE 7

a

TEST RESULTS OF COWDENSATION OF 8% OIL AND R-12 MIXTURE

ON A BORIZONTAL PLAIN TUBE OF 25.4 mm OD X 1400 ma LONG

!

. | VAPOR-SURFACE HEAT TRANSFER CONDENSING
TEST | TEMPERATURE DROP "RATE COEFFICIENT
RUN - 3 r 7 T
NO. “C “F Wx 10° | Btugr | Wm'K |Btushr.ft®.oF

. x 10 x 10 LA
. o
AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 5.2 3 855 2.91 1.47 259
2 6.6 1%.9 1.05 3,58 1.41 |, 249
3 8.0 14 1.22 4.17 1.36 " 240
4 10.2 18.5 .| 1.45 4.96 1.26 223
5 12.1/ 21.9 1.68 5.74 1.23 218
6 15.5 29 2.04 6.96 1.18 207
AT CONDENSING TEMPERATURE 40.6°C (105°F)
1 1.8 | 21.3 1.66 5.68 .25 221
2 | 13.7 24,7 1.82 6.21 .18 209
3 9.0 16,2 1.32 4,53 ;| 1.32 232
4 3.1 5.6 .606 2.07 1.72 303
5 7.9 14.3 1.20 4,11 1.35 238
6 5.7 10.4 .924 3.15 1.43 252
7 16.3 29.3 2.07 7.07 1.14 | 200,
«— AT CONDENSING TEMPERATURE 48.9°C (120°F)
1 17.2 31.0 2,20 7.52 1.14 201
2 13.2 23.9 .79 . | 6.12 | 1.21 213 .
3 9.4 - 16.9 1.36 4.65 1.29 228
4 7.7 13.8 | 1.17 4.01 .| 1.36 240"
5 4.7 8.5 .794 2.71 | - 1.50 265
6 2.8 5.1 .544 1.85 1.71 301

B T
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TABLE 8 .

TEST RESULTS OF CONDENSATION OF 2% OIL AND R-12 I(IXTURB

mamnxzmmmmmnor159-00:1470—1.01«;

\

VAPOR-SURFACE - HEAT TRANSFER- CONDENSING
TEST | TEMPERATURE DROP "RATE COEFFICIENT
RUN NS 2 4
NO. € “F Wx 10 atu/hg W/m°g |Btu/hr.ft°.°F
' x 10 x 107 :
- AT CONDENSING TEMPERATURE 32.2°C (90°F)

1 16.0 28.8" 1.59 5.45 1.35 239 .

2 12.1 21.8 1.30 4.0 1.45 256

3 8.9 16.0 1.02 3.50 1.56 275

4 6.7 12.2 842 " | 2.87~ 1.68 297

5 |.3.8 6.8 .540 1.84 1.91 338

6 21.3 38.3 #| 1.99 6.79 1.27 224

AT CONDENSING TEMPERATU5;740.6“C (105°F) .

1 23.2 41.8 2.1 77.20 1.23° 217

2 17.7 31.9 J1.74 5.95 1.33 235

3. 8.7 15.8 1.03 3.51 | 1.59 281 .

4 4.9 8.8 .668 2.27 1.85 326

5 6.8 12.3 .856 2.92 | 1.69 298

6 12.7- 22.9 +1.32 4,53 1.41 249

7 20.2 | 36.3 1.88 6.43 1.26 223

AT CONDENSING TEMPERATURE 48.9°C (120°F)

"1 279 43.0 2.19 ‘7.48 1.24 219

2 | 17.5 3. | 1.1 5.86 1.33 234

3 12.3 22. 1.34 | 4.57 1.47 259

4 10.9 19.7 1.23 |, &.19 1.52 268

5 8.9 16.0° 1.04 3.55 1.59 280,

6 6.4 11.5 .836 1.76 311

2.85




TEST RESULTS OF

- ON A HBORIZIONTAL PLAIN TUBE OF 15.9 mm OD X 1470 mm LONG

/

TABLE 9

L

ERSATION OF 4% OIL AND R-12 MIXTURE

. CONDENSI

- VAPOR-SURFACE HEAT TRANSFER N,/
TEST |- TEMPERATURE DROP RATE COEFFICI
RUN I k| ‘ 2 W4
NO. “C “°F W x 10° | Btu/hg W/m'g Btu/hr.fFt<.°F
: x 10 x 10
AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 21.00 37.8 1.94 5.62 1.25 221,
o2 17.1. 30.7 1.64 5.61 1.31 230
3.1 11.0 19.9 1.18 4.05 | 1.46 257
4| 14.7 26.5~ 1.45 4.97 1.34 236
5 7.8 14.1 .906 3.09 1.56 275
6 6.3 11.3 .753 2.56 1.62 285
7 4.3 Ai7.8 .593 2.02 1.85 |- 326
. )
AT CONDENSING TEMPERATURE 40.6°C (105°F)
"1 20.1 36.2 1.86 6.37 1.26 222
2 14.6 26.4 1.47 5.02 1.36 260 -
3 16.7 30.0 1.63 | 5.56 1.32 - 233
4 10.2 |, 18.5 1.11 3.82 1.48 261
5 3.4 6.2 .494 1.68 1.94 341
b 5.6. 10.1 .716 2.44 1.72 303
7 7.7 13.9 .884 3.01 - 1.55 274
AT CONDENSING TEMPERATURE 48.9°C (120°F)
1 10.6 19.1 1.16 3.97 1.49 262
2 23.5 42.4 2.08 7.11 1.20 212
3 18.9 34.0 1.81 6.17 1.30 229
4 13.9 25.1 1.43 | 4.89 1.39 246
5 9.0 16.2 1.02 3.50 1.55 273
6 7.3 13.1 .876 2.99 1.63 287
7 6.0 10.8 |, .75% , 2.57 1.70 . 300

e s e ars o
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— . TABLE 10
TEST RESULTS OF COMDENSATION OF 6% OIL AND R-12 MIXTURE
ON A HORIZONTAL PLAIN TUBE OF 15.9 mm OD X 1470 mm LONG

VAPOR-SURFACE HEAT TRANSFER CONDENSING

TEST | TEMPERATURE DROP RATE COEFFICIENT
RUN : — : - -
.NO. *C °F Wx 10° | Btuhg | W/m“K [Btu/hr.ft.°F
’ x 10 x 10
AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 20.8 36.0° | 1.84 | 6.28 1.25 220
2 17.6 3.7 | 1.64 5.60 1.26 223
3 14.5 26.2. 1.43 4.88 1.33 235
4 12.7 22.8 1.29 4.43 1.39 244
5 8.2 | 1a.8 .918 3.13 1.51 .. 266
6 5.8 . 10.5 715 2.43 1.65 . 291
7 | 4.4 8.0 /578 1.97 1.77 31
AT CONDENSING TEMPERATURE 40.6C (105°F)
1 24.0 43.2 2.16 7.37 1.22 215
2 20.3 36.7 1.86 . | 6.37- 1.24 219
3 16.3 29.4 1.56" | 5.34 1.30 229
4 12.3 22.2 1.28 4.39 1:41 249
5 9.4 17.0 1.02 3.49 1.47 259
6 6.8 12.3 | .88 | 2.75 1.60 281
7 4.6 8.3 .600 2.04 1.75 309
AT CONDENSING TEMPERATURE 48.9C (120°F)
1 17.4 31.3 1.68 5.76 1.31 232
2 11.5 20.8 1.19 4.06 1.40 246
3 | 4.8 26.6 1.45 4,95 1.33 235
4 9.5 17.1 1.04 | 3.56 1.49 263
5 7.6 13.7 .889 3.03 1.58 279
6 5.5 9.9 .716 2.44 1.76 310
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» ‘ TABLE 11
TEST RESULTS OF CONDENSATION OF 8% OIL AND R!lZKHIXEIHUB
ON A BORIZOWTAL PLAIN TUBE OF 15.9 mm-OD X 1470 mm LORG

N

* VAPOR-SURFACE " HEAT TRANSFER . CONDENSING

TFEST | TEMPERATURE DROP RATE : COEFFICIENT
RUN = ] 7 v 4 '
NO. . °C “F Wx 10 Btu/h; W/m § Btu/hr.ft™.“F
x 10 x 10
AT CONDENSING TEMPERATURE 32.2'6 (90°F) _

I }»20.8. 37.5 - 1.81 6.20 1.18 208
.2 - 12.2 2e.0 1.22 4,17 1.35 238
.3 9.7 17.5 1.05 3.58 1.46 257

4 7.9 14.2 .884 3.01 1.51 267

5 4.5 8.1 .561 1.91 1.69 298

6 5.7 10.3 712 2.43 1.68 296

AT CONDENSING TEMPERATURE 40.6°C (105°F)

1 17.2 31.0 1.56 5.33 1.23 | 217

2 14.3 5.9 |- 1.39 4.75 1.31 231

3 1 9.3 16.7 1.00 3.43 1.46 258

4 7.6 13.7 .857 2.92 '1.53 269

5 6.0 10.9 | .723 2.46 1.62 -| 285

6 4.7 8.5 .605 2.06 1.73 305 -

~ | ; AT CONDENSING TEMPERATURE 48.9°C (120°F)

1| ,22.5 40.5 1.92 "6.55 1.15° .- 204

2 19.3 34.7 1.73 | 5.91 1.22 214

3.] 13.5 24.4 1.34 4.58 1.34 . 236

4 10.2° 18.4 1.06 3.64 1.41 Wy ¢
5 .3 11.3 .747 2.55 1.61 283

6 .9 8.8 .635 2.16 1.76 310 .
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| TABLE 12 |
TEST RESULTS OF CONDENSATION OF 2% OIL AND R-12 MIXTURE
. ON FOUR HORIZONTAL PLAIN TUBES,

-15.9 mm OD X 812 mm LONG, IN A VERTICAL BANK

VAPOR-SURFACE HEAT TRANSFER CONDENSING

TEST | TEMPERATURE DROP RATE COEFFICIENT

RUN ‘ A 3 7. i

NO. “C ‘F Wx 10 Btu/hg W/m § Btu/hr.ft"."F
x 10 x 10

_ AT CONDENSING TEMPERATURE 32.2°C (90"F)

1 | 18.6 | 33.4 3.35 1.4 4 1.1 195
2 | 15.7 28.3 2.88 | 9.85 1.13 199
3 | 1.7 21.0 2.21 7.57 1.16 205
4 | 8.0 14.5 1.65 5.64 . | 1.26 222
5 | 4.7 8.5 1.10 3.77 1.43 252
6 | 2.7 4.9 .710 2.42 1.58 279
AT CONDENSING TEMPERATURE 40.6°C (105°F)
1 | 10.5 18.9 | 2.08 7.11 1.21 214
2 | 8.6 15.5 1.73 5.93 1.23 218
3 | 4.8 8.7 1.11 3.80 1.41 249
4 | 7.1 < | 12.8 1.48 5.06 1.28 225
5 | 1L.6 20.9 |-2.21 7.55 1.17 206
6 | 15.0 21.1 2.64 | 9.03 | 1.08 190 -
7 | 19.2 34.6 3.35 11.4 1.07 189

’ "AT%pONDENSING TEMPERATURE 48.9°C (120°F)

1 17.6 31.7 3.06 °| 10.4 1.07 - 189
2 14.6 26.3 2.66 9.07 1.12 197
3 9.7 17.4 1.96 6.68 1.24 219
4 7.2 13.0 1.50 5.15 1.28 226
5 4.8 8.6 1.12 3.83 " 1.43 253
6 2.6 4.7 .688 | 2.34 1.60 282

¢
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TEST RESULTS OF CONDENSATION OF 4% OIL AND R-12 MIXTURE

" TABLE 13

ON' FOUR BORIZONTAL PLAIN TUBES,

15.9 mm OD X 812 mm 1.’01«;,’ IN A VERTICAL. BANK

CONDENSING

VAPOR -SURFACE HEAT TRANSFER
TEST | TEMPERATURE DROP ‘ RATE COEFFICIENT
RUN . - "
NO. “C - “F W x 10 Btu/hr W/m™g |Btu/hr.ft=.7F
h ! 10° | x 10 ‘
. AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 18.7 33.7 3.26 11.1 1,07 189
2 15.9 28.6 2.83 9.66 1.09 193
3 15.8 28.5 2.90 9.90 1.12 198
4 12.1 21.8 2.25 7.70 1.14 201
5 9.0 16.2 + 1.76 6.00 1.20 212
6 . 6.8 12.4 1.42 4.86 1.27 224
AT CONDENSING TEMPERATURE 40.6"C (105°F) )
1 17.0 30.6 2.99 10.2 1.08 191
2 14.2 25.5 2.57 8.79 1.11 196
3 1.9:8 17.7 1.89 6.47 1.18 209
4 1.7 13.9 '} 1.55 5.29 1.23 217
5 5.7 10.3 1.26 4.30 1.29 228
6 3.9 7.0 912 3.11 1.43 252
7 2.1 3.9 .580 1.98 1.63 287
AT CONDENSING TEMPERATURE 48.9°C (120°F)
1 12.4 22.4 2.31 7.90 1.14 201
2 10.8 19.4 2.03 6.94 1.15 204
3 1 7.7 Ja.o | 1.56 5.34 1.23 218 |
4 6.9 12.4 1.38 4.73 1.23 218
5 5.0 9.1 1.08 3.69 1.31 231
6 3.3 6.0 J79 2.66 1.43 252
7 15.5 28.0 2.80 9.56 1.11 195

TR e e i A TIORD N o TR ke e g e e T




_ TABLE 14
TEST RESULTS OF CONDENSATION OF 6% OIL ARD R-12 n:ixjhnms
' _ON FOUR BORIZONTAL PLATH TUBES,
15.9 mm

P

X 812 mm LONG, IN A VERTICAL BANK
VAPOR AURFACE HEAT TRANSFER CONDENSING -
TEST_| TEMPERATURE ODROP _RATE COEFFICIENT’
" RUN " . ' 5 T
. NO. "C °F Wx 10° | Bturhg | W/mK |Btu/hr.ft®.°F
' “x 10° | x 10 :
_ AT CONDENSING TEMPERATURE 32.2°C (90°F) ;
1 | 20.4 36.8 3.46 | 11.80 1.04 183
2 | 13.5 24.3 2.38 8.12 1.08 191 :
3 | 109 19.6 | 1.97 6.73 1.11 196 z
4 | 8.0 14.4 1.54 5.26 1.18 208 :
5 | 4.4 |- 8.0 .962 3.28 1.32 234 g
6 | 16.2 29.2 | 215 9.39 1.04 .183 ¥
» AT CONDENSING TEMPERATURE 40.6C (105°F) -
1 6.7 | 12.1 1.30 4.45 | 1.18 * 209 j
2 3.8 6.8 812 2.77 1.30 230
-3 9.8 17.7 1.82 6.24 1.14 200
4 14.3 | 25.9 2.50 . | 8.54 1.07 . 189
5 17.3 | 31.2 2.98 10.1 1.06 186 .
6 | 2.8 | 5.0 .658 2.24 1.43 . 253
AT CONDENSING TEMPERATURE 48.9°C (120°F)
1-] 119 21.4 2.13 7.27 1.10 194
2 | 13.0 23.5 2.38 8.15 1.12 198
3 | -18.2 32,8 3.12 | _10.6 1.05 '185
4 | 7.5 13.5 1.43  |4.88 1.17 206
5 | 6.6. 11.9 1.28 | 4.40 1.20 211
6 | 5.2 9.5 1.07 3.65 1.25 220
7] 3.3 | 6.0 730 2.49 1.34 ‘237 o
| )
S
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TABLE 15

ON FOUR HORIZONTAL PMIR TUBBS,

_ TEST RESULTS OF CONDENSATION .OF 8% OIL AND R-12 MIXTURE

“

ISSiCDXBlZ-IMG, IN A VERTICAL-BANK

VAPOR-SURFACE- HEAT TRANSFER . couoeusxus
TEST | TEMPERATURE DROP RATE COEFFICIENT
RUN . 5 - —
NO. “C “F W x 10° | Btu/hg W/mK. |Btu/hr.ft®.F
\ | x 10 x 10
AT CONDENSING. TEMPERATURE 32.2°C (90°F)
1 |. 10.8 19.4 1.97 6.72 1.12 198
2 7.7 13.9 1.44 4.91 1.14 201
3 6.6 11.9 .| 1.25 4,26 . 1.16 205
4 5.7 10.3 1.13 |- 3.87 1.22 215
5 4,6 8.4 .947 3.23 1.25 220
6 3.5 6.4 759 | 2.59 1.31 231
n AT CONDENSING TEMPERATURE 40.6°C (105°F)
-1 10.6 19.1 1.90 6.49 1.10. 194
2 7.3 13.2 1.38 .4.73 1.16 204
3 |.6.2 11.2 1.19 4.07 1.17 207
4 4.5 | 8.1 .928 3.16 1.26 223
5 |+ 3.7 6.6 .760 2.59 1.26 222
6 5.2 - 9.4 1.03 3.53 1.21 214
AT CONDENSING TEMPERATURE 48.9°C (120°F)
1- 10.2 18.4 1.81 6.18 1.09 192
2 8.4 15.1 1.54 5.28 1.13 200
-3 6.3. | 11.3 1.20 4.11 1.17 207
4 4.5 8.2 .904 -1 3.08 1.21 214
5 8.2 14.9 1.49 5.09 1.11 195
‘ b
l‘ . ‘ “
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TABLE 16

TEST RESULTS OF CONDENSATION OF PURE R-22 VAPOR'

ON A HORIZONTAL TUBE OF 15.9 mm OD X 812”- LONG ~

!

+ VAPOR-SURFACE" HEAT TRANSFER, CONDENSING
TEST | TEMPERATURE - DROP RATE | COEFFICIENT ,
RUN T - i y g
.NO. *C 'F W x 10° | Btu/hy W/m K Btu/hr, ft™."F
. o x 10 x 10 '
AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 14.3 25.8 1.08 3.68 1.85 377
2 9.8 17.7 0.79 2.72 2.00 . 352 .
3 § 6.2 11.1 .566 1.93 2.24 396
4 3.8 6.8 .390 1.33 2.51 443
5 20.3 36.6 1.42 4.87 1.72 304
6 17.6 31.7 1.26 4,31 1.76. 311 -
7 14.7 26.5 1.09 3.72 1.82 321
8 12.4 22.4 .957 3.26 1.89 313
9 9.7 17.5 .788 2.68 1.99 351 -
10 5.8 10.5 .538 1.83 2026 398
11 2.6 4.6 .283 .968 2.68 473
12 20.8 | 37.5 1.43 | 4.89 1.69 299
13 19.5 '35.1 1.37 ] 4.69 .73 306
14 “19.1 4.5 ° 1.33 4.56 1.71 o302
15 16.7 30.1 1.20 4.10 1.76 311
16 10.0 18.0 .806 2.75 1.99 350 -
17 8.9 16.0 .740 2.52 2.05 361 .
18 7.2 13.0 - .628 2.14 2.14 378 - -
19 4.4 ‘8.0 .437 1.49 2.39 422 -
AT CONDENSING TEMPERATURE 40.6°C (195°F) .
1 20.8 37.5 1.42 4.86 1.68 297
2. |.. 18.9 4.1 1.33 4.54 1.72 | 304
-3 17.1 30.8 1.22 4.17 1.76 -310
4 15.0 27.0 1.10 3.77 1.81 319
5 ] 12.9 23.2 .978 3.34 1.86 . 328
*,6 10.3 18.6 .829 2.82 1.97 347.
7 8.0 14.5 . 688 2.35 2.10 K7 S
8 5.2 9.3 .493 1.68, 2.33 411 -
9 2.2 4.1 .259 .884 2.80\ 493 .
\ "
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TEST RESULTS OF

- TABLE 17 !

»

ERSA'].'IOR OF PURE R-22 VAPOR ON BDUR

K?RIZMAL PLAIN TUBES 15.9 mm' OD X 812 R LONG, ,

IN A VERI‘ICAL BANK

k4

VAPOR-SURFACE - |  HEAT TRANSFER CONDENSING
TEST | TEMPERATURE DROP'|® -  RATE COEFFICIENT
RUN , ; . - 5
NO. ‘¢ [. *F Wx 10° | Beuhe | wWmPg [Btushr.ftt.F
| \ x 10 x 10
.CONDENSING TEMPERATURE 32.2°C (90°F)
1 9.8 17.6 * | 2.73 9.34 1.71 302
2 8.6 15.5 2.44 8.35 1.74 306
3 6.9 12.5 . | 2.0 6.85 1.78 34,
4 5.3. | 9.5 1.62 5.565 1.89 333
.5 | 3.5 6a2 | 116 | 3.97 . 2.08 362
6 | .13.7 24.8 | 3.57. | 12.2°] 1i.60 281"
7 | 1.3 20.4 | 2.99 10.2 | .1.62 286
s | 9.5 17.1 265 .| 9.05 1.72 303
9 7.7 13.8 | 2.24 7.66 1.79 316 .-
10 [ 58 -} 105 | 178 | 607 | 1.87 329
11| 41 7.5° '1.30 4.45 1.93 340
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TABLE 17 (cont'd)
'TEST RESULTS OF CONDENSATION OF PURE R-22 VAPOR ON FOUR

HORIZONTAL PLAIN TUBES, 15.9 mm OD X 812 mm LONG,

"IN A vngucu. BANK . .
- {
" | VAPOR-SURFACE HEAT TRANSFER CONDENSING
TEST | TEMPERATURE DROP . RATE COEFFICIENT
RUN 3 i 2 2
NO. “C *F Wx 10 Btu/hg W/m § Btu/hr.ft“.“F
x 1Q x 10 |
CONDENSING TEMPERATURE 40.6°C (105°F)
1 18.0 32.5 4.40 15.0 1.50 - 264
2 16.2 29.1 4.05 13.8 1.54 [~ 2711 1
3 12.5 | . 22.6 3.27 11.1 1.60 - 783
3 10.8 19.5 2.87 9.79 1.63 287
5 7.9 14.3 2.29 7.82 1.77 312
6 6.1 11.0 1.80 6.17 1.81 318
7 4.5 - 8.1 1.40 | . 4.78 1.90 334
-8 2.5 4.5 0.88 3.02 2.18 385
9 16.2 29.1 4.03 13.7 1.53 270
10 | 12.5 22.6 3.24 11.0 1.59 280
1n | 9.5, 17.1 2.57 8.79 1.66 294
\\\iz 6.2 11.3 1.84 6.30 1.81 318
13 | 4.0 7.3 1.28 4.39 1.94 341
14 | '17.6 31.8 4.36 14.8 1.52 268
15 | 14.2 25.5 3.62 12.3 1.57 277
16 | 10.8 19.5 2.90 9.91 1.65 290
17 | 7.7 13.9 | 2.20 7.50 1.75 308 .
18 | 5.3 9.6 1.62 5.56 1.88 331 |
19 | 3. 6.2 1.15 3.92 2.04 360
3
)
- P ! Py
i .
L
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TABLE 18 , P
TEST RESULTS OF CONDENSATION OF 2% OIL AND R-22 MIXTURE
 ON A HORIZONTAL TUBE OF 15.9 mm X 812 mm LONG

" VAPOR-SURFACE HEAT TRANSFER | -  CONDENSING

| TEST | TEMPERATURE DROP RATE COEFFICIENT -
~RUN 3 — 7
NO. “C “°F W x 107 | Btu/hg W/m°K  |Btu/hr.ft°.°F
. x 10 x 10
AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 20.7 37.3 1.40 4.80 .67 .. 294
2 20.2 36.5 1.38 4,72 "8 296
3 16.0 28.9 1.15 3.94 1.77 312
4 13.9 25.1 1.02 3.49 1.80 318
5 8.2 14.8 .684 2.33 2404 360
6 4,7 8.5 < ,842 | 1,50 2.30 405
7 3.5 6.3 .356 1,21 2.50 441 -
8 6.5 11.7 .567 1.93 2.14 377
9 10.0 18.1 .794 2.71 1.94 | 342
AT CONDENSING TEMPERATURE 40.6°C (105°F)
1 20.6 37.1 1.40 . 4.78 - 1.67 295
2 18.2 32.8 1.26 4.31 1.70 301
3 13.9 25.1 | 1.02 3.49 | 1.80 318
4 9.6 17.4 771 2.63 .| 1.96 346
5 6.5 11.7 .566 1.93 2.13 376
6 5.4 9.7 .A95 1.69 2.25 397
7 3.1 5.7 .330 1.12 2.56 . 452
Y
A

-
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) TABLE 19 ‘
TEST RESULTS OF CONDENSATION OF 4% OIL AND R-22 MIXTURE.
ON A HORIZONTAL TUBE OF 15.9 mm OD X 812 mm LONG
",VAPOR -SURFACE HEAT TRANSFER CONDENSING
TEST | TEMPERATURE DROP | . RATE * COEFFICIENT
RUN 3 2 Z
NO. “C “F Wx 10° | Btu/hp Wm°K  |Btu/hr.ft°.°F
x 10 x 10
AT CONDENSING TEMPERATURE 32.2°C (90°F) ¢

1 20.7 37.3 1.39 4.75 1.65 291

2 18.0 ° 32.4 1.25 .| 4.26 1.71 301

3 15.9 28.6 1.11 3.79 |, 1.72 303

4 12.6 2.8 [ .939 3.20 1.82 321

5 8.5 | 15.4 .682 2.32 1.96 > 346

6 5.7 10.3 " 510 1.74 2.18 385

7 <] 3.1 5.7 .322 1.10 | 2.49 440

AT CONDENSING TEMPERATURE 40.6°C (105°F)

1 20.5 | 37.0 1.37 4.68 1.64 289

2 17.7 31.9 | 1.21 4.15 1.69 298

3 14.0 25.2 1.01 3.45 1.77 313

4 11.5 20.7 | .867 2.96 1.85 . 326 )

5 9.3 16.8 727 | .2.48 1.91 336

6 8.6 15.5 .687 2.34 1.96 345

7 7.3 13.1 .599 2.04 2.02 356

8 5.1 9.31 .464 1.58 2.21 390




- A . ! . ' . ) v
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. TABLE 20 Y
PEST RESULTS OF CONDENSATION OF 6% OIL AND R-22 MIXTURE ° '
ON A HORIZOWTAL TUBE OF 15.9 mm OD X 812 mm LONG

VAPOR-SURFACE HEAT TRANSFER CONDENSING
TEST ‘EMPERATURE DROP RATE _ COEFFICIENT
RUN 5 5 2 oy
NO. “C °F Wx 10 Btu/hg W/m 5 Btu/hr.ft"."F
- . x 10 x 10
‘ "y
—AT- CONDENSING TEMPERATURE 32.2°C (90°F)
1 20.1 36.2 1.33 4,542 1.62 ‘ 287
2 18.3 33.0 1.21 4,151° 1.63 g 288
3 14.1 25.5 1.01 3.463 - 1.76 310
4 12.6 22.7 .905 3.088 1.76 311
5 9.4 17.0 .725 2.474 1.89 333
6 8.7 15,7 .686 2.341 1.93 o341
7 7.7 13.9 .614 2.098 1.96 345
8. 5.2 9.5 .460 1.572 2.14 377
9 3.3 5.9 .329 1,125 2.46 - 433
AT CONDENSINGITEQFERATURE 40.6°C (105°F)
1 21.3 38.3 .1.38 4.74 1.60 283
2 18.0 .} 32.5 1.21 4,14 1.65 292
3 14.4 26.0 1.0 3.46 1.73 304
4 13.2 23.9 .949 3,24 1.76 310
5 12.1 21.8 .879 3.00 1.78 314
6 9.2 16.7 .713 2.43 1.95 334
7 7.3 13.2 .597 2.03 2.00 * 353
8 4.3 7.9 .398 1.36 2.24 394
9 2.8 5.1 .291 .993 2.52 444
&
!
/ AN
! 3
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TABLE 21

1

TEST RESULTS OF CONDENSATION OF 8% OIL AND R-22 MIXTURE
)

- 174 -

" ON A HORIZONTAL TUBE OF 15.9 mm X 812 mm LONG’ f
~
B f
VAPOR-SURFACE HEAT TRANSFER CONDENSING
TEST | TEMPERATURE DROP RATE COEFFICIENT-
RUN ) 7 7 ‘
NO. “C “F Wx 10 Btu[hg W/m 5 Btu/hr.ft"."F
x 10 x 10 '
AT CONDENSING TEMPERATURE 32.2°C (90°F)
1 18.9 38,1 1.24 4.24 | ‘1.6l 285
2 17.5 31.6 1.16 3.96 - | 1.63 287
3 15.7" 28.3 1.05 3.61 1.65 292
4 11.6 21.0 ..835 2.85" 1 1.76" 310
5 10.1 18.2 .752 2.56°" | . 1.83 322
6 19.6 35.4 1.27 4.34° | 1.59 281
7 6.5 11.8 .536 1.83 - |- 2.01 354 \
8 4.3 7.8 396 | 138 1 2.23 392
AT CONDENSING TEMPERATURE '40.5%C (105°F)
1 21.2 38.3 1.35 - | -.4.61. ] 1.56 276
2, | 17.7 32.0 1.19. | &:07- 49165 |~ 291 -
3 14.1 25.5 |- .983 3.35°7 ) 170 301
4 11.3 20.4 .823 2.:80" 1.78 314
5 9.2 . 16.6 .689 2.35 1.84 324
6 6.9 12.4 .550 1.87 1.96 346
7 3.3 6.0 .323 1.10 2.38 419
§
;\
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TEST RESULTS OF CONDENSATION OF 2% OIL AND R-22 MIXTURE

ON POUR mRIZONTAL PLAIN TUBES, 15. 9 mm OD X 812 sm LONG,

Y

s

Wo*
TABLE 22

IN A VERTICAL BANK

e

- 175 -

VAPOR-SURFACE HEAT TRANSFER CONDENSING
TEST | TEMPERATURE DROP RATE COEFFICIENT
‘. RUN I Z 7
NO. “C “F . W x.10 Btu/hs W/m § Btu/hr . ft=.°F
x 10 x 10
. CONDENSING TEMPERATURE 32.2°C (90°F) 2
1 8.0 14.4 2.23 7.62 1.71 302
2 9.1 16.4 2.46 8.42 ™ 1.67 294
3 7.2 13.0 2,07 7.06 . 1.76 311
4 5.0 9.1« 1.51 5.17 1.84 325
5 4.0 7.3 1.27 4.33 1.91 337
6 3.4 6.2 1.10 3.78 1.95 1344
' CONDENSING TEMPERATURE: 40.6°C (105°F)
1 17.1 30.8 4.20 14.3 1.51 265
2 12.1 21.8 3.13 10.6 1.58 279
3 10.1 18.3 2.70 9.21 1.63 288
~ 4 9.4 17.0 2.51 8.59 1.64 288
N 5+~ 4.5 8.1 1.38 4,72 1.88 C 331
6 1.8 3.2 .681 2.32 2.30 405
7, 13.4 24.1 3.41 11.6 1.56 275
8 10.5 18.9 2.76 9.42 1.61 285
9 3.6 6.6 1.16 3.96 1.94 342
4
&

-
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" TABLE 23

TEST RESULTS OF CONDENSATION OF 4% OIL AND R-22 MIXTURE

ON !’OUR HORIZONTAL PLAIN TUBES, 15.9 mm OD X 812 mm LONG,

IR A VERTICAL BANK

(‘\/"‘
VAPOR-SURFACE HEAT TRANSFER CONDENS ING
TEST | TEMPERATURE DROP RATE COEFFICIENT
RUN ‘
NO. | Bt °F Wx 10° | Btu/hy Wm“g  |Btu/hrift®.*F
x 10 x 10 :
. CONDENSING TEMPERATURE 32.2°C (90°F)
1 9.4 16.9 2.53 8.66 1.65 292
2 7.4 13.4 2.08 7.12 1.73 304
3 6.4 11.5 1.84 6.30 1.76 311
4 5.2 9.3 1.56 5.33 1.85 325
5 4.2 7.6 1.30 4.45 1.89 333
6 3.6 6.6 1.12 3.85 1.89 334
CONDENSING TEMPERATURE: 40.6°C (105°F)
1 7.3 132 2.06 7.04 1.72 304
2 | 4.6 8.3 1.38 4.73 1.83 323
3 17.4 31.4 4.15 14.1 1.46 258
4 13.6 24.5 3.39 11.5 1.53 270
5. | 11.3 20.3 2.90 9.91 1.58 278
6 9.2 16.6 2.44 8.34 1.62 286
7 6.3 11.3 1.81 6.19 1.76 311
8 3.7 6.7 1.17 4.02 1.92 339
j
|
. |
|
|
!
A
[ W
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TABLE 24

TEST RESULTS OF CONDENSATION OF 6% OIL AND R-22 MIXTURE

ON FOUR HORIZONTAL PLAIN TUBES, 15.9 mm X 812 mm LONG,

IN

A VERTICAL BANK

t

VAPOR-SURFACE HEAT TRANSFER * CONDENSING

TEST | TEMPERATURE DROP RATE . COEFFICIENT

RUN i . —rm .
NO. “C F | Wx 107 | Btu/ng W/m=K  |Btu/hr.ft=."F

x 10 x 10 -
CONDENSING TEMPERATURE 32.2°G» (90°F)

1 9.4 17.0 2.49 8.52 1.62 285

2 6.4 11.6 1.83 6.25 1.74 306

"3 7.4 13.4 2.05 7.02 1.69 298

4 8.6 15.4 2.29 7.82 1.64 289

5 5.5 <10.0~~|_ .58 5.40 1.74 307

6 4.5 8.1 1.35 4.63 1.84 324

CONDENSING TEMPERATURE: 40.6“C (105“F)

177} 13.7 24.6 3.39 | 11.5 1.51 267
$2 11.4 20.5 2.86 9.79 1.54 272

3 9.5 17.1 2.49 . 8.50 1.61 284

4 4.0 7.3 1.22 4.18 1.85 326

5 3.2 5.8 1.01 3.45 1.91 338

6 6.9 12.4 1.91 6.54 170 300

(L
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TABLE 25
TEST RESULTS OF CONDENSATION OF 8% OIL AND R-22 MIXTURE
ON FOUR HORIZORTAL PLAIN TUBES, 15.9 sm OD X 812 mm LONG,

IN A VERTICAL BARNK

;

VAPOR -SURFACE HEAT TRANSFER - CONDENSING

TEST | TEMPERATURE DROP RATE COEFFICIENT
RUN 3 Y3 2
NO. ‘Cs °F Wx 10 Btu/hs ' W/m"K Btu/hr.ft=."F
x 10 x 10 '
CONDENSING TEMPERATURE 32.2°C (90°F)

1 9.2 16.6 2.38 8.12 1.59 | 280

2 7.0 12.6 1.90 6.50 1.67 T 294

3 6.0 10.9 1.65 5.65 1.68 296

4 4.9 8.9 1.40 4.80 1.74 306

5 3.9 7.1 1.16 3.99 1.81 320

6 8.3 14.9 2.20 7.51 1.63 288

\ CONDENSING TEMPERATURE: 40.6°C (105°F)

1 11.0 19.8 2.74 9.37 1.53 270

2 7.0 12.6 1.95 6.68 1.69 298

3 4.8 8.9 1.45 4.96 1.78 314

4 - 3.5 6.4 1.n9 3.73 1.88 332

5 9.5 17.1 2.47 8.44 1.59 . 230

6 6.1 11.0 1.69 5.77 1.70 299

i ) ‘;ﬁrf'd‘;’ ‘
A
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1.0

. tingle tube
. single tube €q. (6.9)

. multitube, Eq. (6.11)

. tingle tubc} Nusselt's Eq.

.0. single tube « 32.2 °C)

. multitube v

o ooo o oo
=] =°.° =2 oo

. myititube (Nusselt's modified
squation 6,20 a)

o T, = 32.2°C (30 °F)

oT, = 40.6 °C (105 °F)

4+ T, =489 °C ( 120 °F)

"aWhite's data

1 A L 1 1

2

4 6 8 10 12 14 16 18 20 22 24

FILM TEMPERATURE DROP; °C

Figure 13: Film coefficiant for condensing R-12 pure vapor on the external

surface of a single 15.8m, 25.4mn 0.0. tubes and a vertical
bank of 4 horizontal tubes, 15.8mm 0.D. each, at the condensing
temperatures 32.2-48.9 °C (90-120 °F).
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. 5 . \
: Pure R-}2
i 2% of1-------- ,

mo 1.7k 4% oi1 - ?Eq.[6.13]
',,' - 6% 0l — = = —

Y 6 8% of1— - - - -

1} N .

E A

;E-,,

- 15p

b=

z -

—

v 145

[

b L

[T 9

W

Q© 13-

v

b 3

- |

- 1217

[} S

0 2

FILM TEMPERATURE DROP; °C
[ . “ ' .

Figure 15: Film coefficient for condensing R-12 vapor, pure and with oil

mixture on the external surface of a single horizontal 25.4mm
(1 inch) 0.D. tube, at the condensing temperature range 32.2-,
48,9 °C (90-120 °F).
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FILM TEMPERATURE DROP; °C

Figure 16: Film coefficient for condensing R-12 vapor, pure and with oil.
mixture on the external surface of a single horizontal 15.8mn
(Sginch) 0.D. tube, at the condensing temperature range 32.2-
48.9 °C (90-120 °F). ‘
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15

. . & .
- FILM COEFFICIENT, W/m2-C x103
rb
y-N

o Pure R-12 1
2 2% 0fl c == m o
/ ' ~
o 4% oil ~ > Eq. 6.14
+ 6% ‘of1 * -
s 8% ofl. '

" Figure 17:

‘2. 4.8 8

D

FILM TEMPERATURE DROP, °C

° ¢
FiIm coefficient for condensing R-12 vapor, pure and with ofl
mixture on the external surface of a vertical. bank of 4 horizontal
15.8m 0.D. (5/8 inch) tubés, at the condensing temperature range
32.2-48.9,°C (90-120 °F).
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Nusselt's Eq.

17p

'FILM COEFFICIENT, W/m?c x103

18P

15 | ) T IR T 1 1 I

0 2 4 6. 8 0 © ®W ® B W 2

FILM TEMPERATURE DROP, 'C ' .

: * Figure 18: Fi1m coefficient for ‘condensing pure R-22 vapor on the external
surface of a 15.8m (5/8 inch) 0.D. horizontal tube, at the
_condensing temperature 82.2-40.6 °C (90~105, °F). *
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FILM COEFFICIENT, W/m2°C x103
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-Eq. (6.16 a) '
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FILM TEMPERATURE DROP; °C

’Figure 19: Film coefficiert for condensing pure R-22 vapor on the external
" surface_ of a vertical bank of 4 horizontal 15.8m (5/8 inch) 0.
11). ttgbes.at the condensing temperature range 32.2-40.6 °C ( 90-

05 °F ), L ' '
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O Pure R-22 A

25 F o*

0 4% oi1 - £9.6.18
+6% o1 - - —

28% ofl—— - = = —)

221

21 b

20 p

FILM CQEFFICIENT, W/m2°C xj03 "

17 F

16

“\/\468110'1214.:318202224
. FILM TEMPERATURE DROP, °C

Figure 21: Fiim coefficient for condensing R-22 vapor, pure and with of1 mixture
. on the external surface of a single horizontal 15.8m (5/8 inch) 0.D.
tube at the condensing temperature range 32.2-40.6 °C (90-105 °F).
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« . oPure_vapor -
| 23} ) e2%3 0%1— - - — - -
: 04% 011 ———— 1! Eq.(6.18a) _
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FILM TEMPERATURE DROP, °C

5‘:

F'lgure 22: Film coefficient for condensing R-22 vapor, pure and with ofl mixture on
o the external surface of a vertical bank of 4 izontal 15.8mm (5/8 inch)
0.0. tubes at the condensing temperature range 2-40.6 °C (90-105 °F).
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Figure 23: Analytical film coefficient for condensi
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0.0. ' tube, based on 32.2' °C (90 °F) condensing’ temperature.
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Figure 24: Analytical film coefficient for condensing R-12 vapor, puré dnd with o}
o mixture on the external surface of a single horizontal 15.8mm (5/8 inch)
. 0.D. tube, based on 32.2 °C (90 °F) condensing temperature.
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Figure 25: Analytical film coefficient for condensing R-22 vapor, pure and with oil’
mixture on the extarnal surface of a single horizontal 15.8mm (5/8 inch)
0.D. tube, based on 32.2 °C (90 °F) condensing temperature.
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Figure 26: Anal}tical f{Im coefficient for condensing R-12 vapar, pure and with oil
' mixture on the external surface of a vertical.bank of 4 horizontal 15 8m
(5/8 {rich) 0.0. tubes, based on 32.2 °C (90 °F) condensing’ temperature.
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Plates 1 &2

~

vy o '

Condensation of -R-12 vapor on the external surface of

25.4 mm (1 inch) 0.D. horizontal tube at (aT) 18 and
14 °C respectively, at the condensing temperature 32.2
’C (90°F). ‘ . T

1
a
- | i



a ne

Plates 3 & 4 : Condensation of R-12 vapor on the exte;'nal surface of
~ * a 25.4-mm (1 inch) 0.D. Horizontal tube at (aAT) 11 and
A -7 ‘Y‘ES)PeCtWeU‘ at the condensing temperature 32.2

& - °C (90°F).
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Plates 5 & 6

LT

’
:

«
~

Condensation of R-12 vapor on theveﬁternal surface of

a single 15.8 mm (5/8 inch)_0.D. horizontal tube with

///”"'—Eundensing rates, 1.2 x 10-2 kg/ms and*0.57 x 102 .

+ kg/ms respectively, at the condensing temperature

Py

32.2°C (90°F). . . -
-, ) '
- =210 ~ T
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ok
. . , .
. Plates 7 & 8 : Condensation é{‘ R-12 vapor on the external surface of (
) . - a single 15.8 mm (5/8 inch) 0.D. horizontal tube gith
) - . condensing rates, .82 x 10~2 kg/ms and 0.65 x 10~
‘ ' . . kg/ms respectively, at the condensing temperature’
) 32.2°C (90°F),
. ‘ -2 - . L
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STATISTICAL AND ERROR ANALYSIS

. 7.1- Statistical analysis

‘A statistical analysis was performed for the data

_obtained in this study.' The relations between these data

R

"and the correlation equlatio‘ns were analysed using a software
package “Stat Pac", and the results obtained are listed-in

1

the folldwiné table:

¢ L]

Correlation Range of | Standard | Standard Max. a:gsaﬂve ’
.. |Table | Coefficient Resi_guaﬂs Devia;ion egrror of | Neg. deviation
" ; . ° op - from.
.| M. W/m"°¢ W/ m“°c estérggte regression@ine
T 0.395 we | 199 | 32.3 | 2.92% , 2.99%
2] 0.987 189 210 33.2 | 3.37%, 7.01%
© s | .98 138 197 "29.8 - | 3.59% , 4.95%
4 4| 0.997 . 36.6 163 12,1 | 1.28% , 1.26%
5 " 0.992 76.7 159 19.6 | 2.93% , 3.25%
] - -
6 © 0.996 53.9 7 15.9 | 1.50% , 2.17%
T 0.995 | 7.6 REZ 17.2 | 2.65% , 1.79%
8 0.995 8.1 6 | 0.2 |2.72%, 208 |
= _ , ) ‘ q
L9 0.996 ( ' 207 19.2. _ .
) ‘ |

continued on the next page;
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Tab'le‘ *Correlation Range of Star;dard Standard |Max. Posative
Mo Coefficient Residgaols Deviargion ’:;tr?r;ag: Neg. desr;:tion
e d i ik n’%¢ rggres:gr’: lipe
10 | -0.992 97.9 1% | 2.3 | 3.98% , 1.82%
n 0.994 104 201 22.4 2.38% , 3.67%
12 0.993 64.1 170 19.3 3.50% , 1.96%
13 0.988 , 90.0 145 12,2 3.36% , 2.83%

14 0.985 15 20.0
15 0.961 57.7 64.3 17.8 - | 2.70% , 2.24%
16 0.999 60.9 300 14.4 1.16% , 1.17%
17 0.990 73.4 174 21.2 2,00% , 1.85%
18 0.999 30.2 294 13.6 0.82% , 0.83%
19 0.997 57.9 241 19.4 1.01% , 1.69%
20 0.997 70.0% 283 ,20.5° | 1.70% , 1.43%
21 0.996 66.7 239 20.0 1.98% , 1.72%
22 0.994 8s.7 |\ 214’ 23.3 2.37% , 1.64%
23 0.990 67.5 144 19.5 1.61% , 1.98%
24 0.994 39.2 , 130 13.5 1.17% , 1.21%
25 } lo.9es 48.1 105 18.2 1.39% , 1.40%
VAR .
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7.2~ Experi-entél errors:

The experimental errors were estimated at .selected high
AT = 18.1°C (32.5°F) and low AT = 2.5°C (4.5°F), with
i respectively measured heat transfer rates 4270 W and 860 W.

The error sources are:

1- The measurements of the condensing surface
temperature:

The local surface temperature of the condensing tube
- was found to wvary in a range of + 0.001-0.004 mv.
(0.025-0.1°C) at high AT due to the relatively high
condensation rate, and + 0.001-0.002 mv (0.025-0.05°C) at
low AT with small condensation rate. Thus, the condensing
surface temperature can be as high as Tsh or ;s low as Tgy,,

If the saturation temperature is 40.6°C .(105°F), then the
/ N

respective T, Tg and the percentage variation are as

“follows:

i
S

a)- at AT = 18.1°C (32.5°F)

' 'AT=TV..TS

Tsh

TSL = 22.5 - 0.1

22.5 + 0.1 22.6°C

22.4°C

and -under this condition, the percentage variation of the

¢andensing surface temperature is:

»

T+ 0.1/22.5 * 100% =1 0.44%,

-b)=- at AT = 2.5°C (4.5°F)

v - 215 -
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Tgn = 38.1 +0.05 = 38.15°C
Ty = 38.1 = 0.05 = 38.05°C |
and the corresponding percentage variation of the condensing

surface temperature is:

0.05/38.1 *100% = 0.13%

2- The aetermination of the saturation temperature:

The pressure transducer measurements .were always
checked against a laboratory test pressure gauge calibrated
to 1 psi, Thg saturation préssure variation can be + 0.5
psi (3.4 kPa) which is equivalent to ¢t 0.16°F (q.l°C) change
in the condensing temperature; TV , thus can rise to Ty, =
T, + 0.1°C or drop to T, = Ty = 0.1°C.

Ton = 40.6 + 0.1 = 40.7°C

Ty, = 40.6 - 0.1 = 4b.S°C
the percentage variation of ‘thé vapor saturation temperature
is:

+ 0.1/40.6 *100%=%0.22%

‘5; The reading of condenéate'levelz

The condensate mass flow rate entering the receiver was
obtained by measuring the time requiféd'fo; the condensate
to rise 18 inches (457 mm). The condensate level reading
can be 1/16 inch (1.6 mm) off at both beginning and end of

the accumulation period, thus the heat transfer rate can

rise to

Q, = Q + (2/16*18) Q
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or drop to ' "

t
3

Qn = Q - (2/16*18) Q

and ;he possible percentage variation of the condensate
level is: '
B +2/(16*18) * 100 = +0.7%
'f‘or both low and higha T, ; |
Undér the conditions described above, the maximum “and
minimum values of the cpndensing coefficient can be:
Prax. = 9/ RAg (Tyr - Tgp )

hrin, = 9L/ Ag (Tyn - Tgr, ) .

a)- &T = 18.1°C (32.5°F) -
Qh = 4270 + 0.7/100 *4270 = 4300 W \}f
QL = 4270 fr0.7/100 *4270 = 4240 L
Bpax, = 4300/ 0.16(40.5 - 22.6) = 1500 W/m2°c
hoin, = 4240/ 0.16(40.7 - 22.4) = 1448 W/m2°C
_The calculated condensing coefficient ki = 1474W/m?°C,
Fherefore, the possible' variatioq of the l condensing

(coefficient is:

+1.8 %, or - 2.3 %

" b)- AT= 2.5°C (4.5°F)
Qu = 860 + 0.7/100 * 860 = 866 W
. Qp, = 860 - 0.7/100 * 860 = 854 W
hmax: = 866/ 0.16(40.5 - 38.1) = 2255 W/méeC
hiin. = 854/ 0,16(40.7 - 38) = 1977 W/m?°C '
The = calculated condensing coef?icieht h = 2150 W/m’°cC,

*
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

- i
8.1- Conclusions

(1)— Presence of 'oil.‘ih R-12 and R-22 Qapors in eny
proportion affeéts thelcdhdqnsatién process by reducing ﬁhg
condensing filﬁ éoefficients for both single and multiple
iubes. The higﬁer the oil to fefrigerant mass flow ratio,
the lower the condensing film coefficient.

(2)- For both single :and multiple plain, tubeé, " the
condensinag coefficient of R-22 1is less affected by the
presence of oil than that of R-12. .The average decrease in
the condensing coefficient for each 2 per cent increase of
oil is about 2 per cent for R-22 and about 3 per égnt for

R-12.

(3)- Por 3r12 and R-22, no significant difference in the
condensing film coeffictent was observed fér the condensing
temperatures Qsed in this study, for both single and
'multiple plain tubes. Nusselt's theory, for a single " tube,
based on 32.2°C (90°F) would predict a figure of about 3 per
cent lower than the experimental results of Both

\

refrigerants in the range of the conéensing temperatures
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employed. Further A deviation would be expected in the
Nusselt's theory for the higher condensiné temperatures.

‘ 4
(4)- The patteén of the condensing curves obtained with the
oil-vapor mixtures, for both R-12 and R-22, has the same

tendency as those of pure vapors.

(5)~- fhe results for a vertical row of 4 hori#ontal‘tubes
?btained from R-12 tests are higher ﬁhan those pfedicted by
Nusselt's theory by an averége of 13 per cent, and by 18 per
_cent for R-22.

(6)- For a wvertical row of 4 tubes, the following
relations?ip”rbe;ween ‘the condensing coefficient and the

vapor -gurface temperature drop was obtaine%

h « (a T)-0.2

.

(7)- The theoretical results confirm that the effect of
subcooiing is appreciable only ‘at high rates of

condensation. Closer results to the experimental

coefficients are obtained by the theoretical equation of

4 single tube condensation, when solved for large AT than for

a

lower AT.

1 <

7219 -,

bk At




3

. {(8)~ For the multltube condensation, the increase of A T
results in a hlgher condensing coefficient than - that
predicted by Nusselt's modified equation. The deviation for

instance, is about 9 per cent atA T = 22°C.

(§)f Examinatién of plates (5-9) shows that the maximum
thickness of R-12 condensate layer al;ng the bottom of the
~ single 15.8 mm O.D. tube, under th: test conditions, is
approximately 1.1 mm and the subtended ang@.ugs about 10
degrees, The thickness of the layer and the subtended angle
were not affected by the variation of the rate of

condensation.

8.2- Claims of contribution to knowledge:

{1) =~ The -study has added new information concerning the
oil-vapor mixture condensation to the existing, limited

knowledge. Data bank of R-12 and R-22 vapors-oil mixture

condensation, at 2, 4, 6 and 8 per cent oil to refrigérant

mass ratios, are furnished.

{(2)~- Analytlcal and empirical equations which take into

account the effects of o0il on vapor condensatlon of commonly

used refrigerants, have been prov1ded.

.
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(4)- For a vertical bank of 4 tubes, the study revealed a
" new relation between. the condensing coefficient and the
vapor surface temperature »dfop'A T,‘ This relétioﬂ -can
provide more accurate condensing coefficient than tgat
obtained by Nusselt's theory. ‘

(5)~- For oil-vapor mixture condensation, a new eéxperimental
techﬁique' has been developed by ;hich the study can be

carried out at constant oil-refrigerant mass ratios.

8.3- Future work recommended:
(1)~ Further studies on the effects of partially miscible

‘(h *a L] » ' v
and ' non-miscible oil-vapor - mixtures on condensation are

(: I3
needed, since many refrigeration systems in use today are

with such oil-refrigerant combinations.

(2)- The condenéing coefficient for a single tube
condensation is known to vary with' (a?)=0.25 |  In this
study, for a bundle of 4 tubes, the exponent of AT was$ found

to be (-0.2), and in Ref.(23), where a ten tube bun@le was

¢ v

investigated, the condénsing coefficient was reported to
vary with (ar)=0.148

Following this trend, the expopent of AT would increase
with the increase of the number of tubes in a bundle within

v

- 221 -

-




LT

N \

.theJrange stated above. Therefore, further studies are

required to verify Ehiswexpectation for condensation of pure

’

vapors bn‘different tube bundles.

-

(ﬁ)— Further work igs required to study the effect of oil on
the £ilm coefficient for condensing .R-12 and R-22 vapors on

the external surface of a single and a- vertical bank of

2

finned tubes.

A+ .

“ .‘l
8.4- Recommendations:
. .‘;P * oo 1‘
Since the condenser has a major impact on the energy

o

-donsumption. of a refrigetatioh system, - .thé followig

recommendations should be considered:

e
A

(1)~ The effects of oil on the condensation- of a totally
miscible iefrigerants, especially those whose viscosity ‘is

largely affected by the o0il, such as R-12, should be taken

into consideration. The-presence of o0il will reduce the

condensation rate resulting in a‘'higher condensing pressdtg
and, hence, higher power requirements for the driving

»*

A - SOUICE.

r

{ 12§- In alread& built refrigeration systems, utilizing plain
tube condensers and operating with R-12 or R-22, oil should

- be prevented from reaching the condenser.
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.theory, based én 32.2 °C (90 °F) saturation temperature,

(3)- In Ref.(37), it is mentioned that for multi-tube

_condensation, the heat transfer coefficient for a bank of N
v . ,’ ‘
"tubes; can be predicted by Nusselt's equation for plain

multi-tubes increased by L0 per cent. In this study, and,

for both refrigerants tested, it was found that this figure

is coqservative. The results obtained shows that Nusselt's
<

increased by an average of 15 per cent is more realistic and

may be used for the condensing temperature range 3?.2-48.9°C

Lo
(90-120°F) for R-12 and 32.2-40.6°C (90-105°F) for R-22.
N / '

2 |

(4)- For single: plain tube condensation, Nusselt's theory,

o

increased by 3 per cent and based on 32.2 °C (90°F)

saturation temperature is recommended for predicting the

condensing ‘heat transfer coefficient in the condensing

temperature range , 32.2-48.9 °C (90-120 °F) for R-12 and

©32,2-40.6°C (90-105°F) for R-22.

]
5
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APPENDIX I

, PROGRAM OMAR (INPdT,OUTPUT)

Sl s Bt e e

C (22282 A XSRS R RS R R R R I R R R Y S R A R L]

c * * .

c * *

¢ * THE FOLLOWING PROGRAMME WAS DESIGNED * :
C * * .
€ * TO SOLVE THE FOLLOWING INTEGRATION *

C * _ *

c * NUMERICALLY. *

Cc o *

c * o 1 *

c * — *

c * 3 * ‘

c * SIN O de *

c * p

c * e 1 0.25 *

c * 4 f 3 *

c * — SIN © de - *

c’ * 0 3* 0 *

(o] * . * M
C *********************f***********i*************** f :

e

~

INPUT PARAMETER . : o

an

C © = HIGH LIMIT OF THE INTEGRATION, DEGREES

¢

COMMON ALFAD,N,EPSI,IN , g
DIMENSION H(180) ; ' '
DO 10 I=1,180 : .
190 H(I)=0.0 — -
ALFAD=, 017453 .
READ*,N - .
DO 20 IN=1,N SR : :
CALL E12390 : ’
20 H(IN)=EPSI o |
. HA'O. O , " . “ IS
: : ‘ p




SV

et

2

—

£ 30

30
10

.29

EOI ENCOUNTERED.

/

/
/
/
!

NN=N-1
DO 30 I=1,NN
HA=HA+H (I)*2

HA=HA+H (I+1) .
HA=HA*ALFAD/2.0

PRINT* ,HA

sToP

END

SUBROUTINE E1230
COMMON ALFAD,N,EPSI,IN

DIMENSION Y(lSO)

DO 30 II=1,180
Y(II)=0.0

DH=ALFAD

FA=1.,/3.

DO 10 I=1,IN
Y(I)=(SIN(I*ALFAD))**FA
Z=0 '
M=IN-1

DO 20 I=1,M

Z=Z+2*Y (I)

Z=Z+Y (IN)

ALFA=ALFAD*IN

Z=Z*ALFAD/ (2. O'(SIN(ALFA)**(4 /3 )))

Z=2%4./3.
EPSI=(2)**.25

EPSI=1./EPSI
RETURN

END

,
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nodnnanoanaan

00 AQ 0O 00 ANOO Nnoannann
']

APPENDIX II

.

PROGRAM AHMED (INPUT,OUTPUT) ' o A
t

°

R .
24 AR 2RSSR RS 2R 2222 2222222222 X222 %

* *
* THIS PROGRAMME WAS DESIGNED TO CALCULATE THE *
* EXPERIMENTAL CONDENSING COEFFICIENT AT DIF- *
* FERENT OIL-VAPOR MASS RATIOS. TWO DIRECT *
* METHQDS AND ONE INDIRECT WERE USED. THE *
* PROGRAMME ALSO TRANSFORM THE MILLIVOLTS *
* READINGS OF THE THERMOCOUPLES TO DEGREES *
* FEHRENHEIT *
* *
* *

**************************************************

INPUT PARAMETERS: - ° . o

——————————— —_——— -

an

NTEST1 = NUMBER OF STARTING TEST, USUALLY = )

NTEST2 '= NUMBER OF TEST IN THE GROUP

NTUBES = NUMBER OF TUBES IN A VERTICAL ROW, . ' C
EITHER 1 FOR SINGLE TUBE OR 4 FOR R o

THE MULTITUBE CASE. ;

AMRRT = RATE OF LIQUID REFRIGERANT RISE IN THE o

REFRIGERANT RECIEVER, IN/MIN

HFG = LATENT HEAT OF CONDENSATION, BTU/LB

W1,W2* ' : . T
* = COOLING WATER FLOW RATE IN.TUBE'l1 TO ° Y
W3,W4* TUBE 4 OF THE MULTITUBE CONDENSER S
RESPECTIVELY, LB/HR :

' COOLING WATER FLOW RATE IN THE SINGLE'
TUBE CONDENSER, LB/ER -

b
w
[ ]

T1,T2....T24 = MULTITUBE SURFACE LOCAL :
TEMPERATURES, MILLIVOLTS . S e

T1S,T2S...T6S= SINGLE TUBE LOCAL SURFACE |, _ s . b
TEMPERATURES, MILLIVOLTS - ’ i

T75 = SINGLE TOUBE INLET WATER TEMPERATURE, I
MILLIVOLT '

230 - .. S .




P

C TBS,T9S AND T19S= SINGLE TUBE OUTLET WATER
, c TEMPERATURES, MILLIVOLTS
C TSAT = VAPOR CONDENSING TEMPERATURE, MILLIVOLTS
C T25,T26% - - , |
c- * = MULTITUBE INLET WATER TEMPERATURES,
. “ ¢ T27,T28* FOR TUBE 1°TO 4 RESPECTIVELY, MILLIVOLTS
C T29,T30*
c " * = MULTITUBE OUTLET WATER TEMPERATURES,
. C T31,T32* FOR TUBE 1 TO 4 RESPECTIVELY, MILLIVOLTS
» C DENLRS = PURE REFRIGERANT DENSITY AT THE
c  SATURATION TEMPERATURE, LB/CU.FT
4 .
c 2 = OIL-REFRIGERANT MASS RATIO
! € OILDS ‘= PURE OIL DENSITY AT THE SATURATION
C OUTPUT PARAMETERS
o —— -
C DELTAT = FILM TEMPERATURE DROP
. C TAV = FILM AVERAGE TEMPERATURE
C XLMTD = LOG MEAN TEMPERATURE DIFFERENCE, F
c Q1 = WATER SIDE HEAT TRANSFER RATE,
, C BTU/HR
c Q2 = REFRIGERANT SIDE HEAT TRANSFER
o RATE, BTU/HR
, C OAVE = WATER SIDE AND REFRIGERANT SIDE 5 )
e AVERAGE HEAT -TRANSFER RATE - P
T [ "."//
‘ C TSAVE = TUBE SURFACE AVERAGE TEMPERATURE, F .
c H1 = HEAT TRANSFER COEFFICIENT BASED ON
. C OAVE, BTU/HR SQ.FT F
.- C HQL- = HEAT TRANSFER COEFFICIENT BASED ON
C« Ql, BTU/HR.SQFT.F
, C HQ2 = CONDENSING COEFFICIENT BASED ON
c .

e

Q2, BTU/HR.SQFT.F

Y
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BRTE g oL~ e o AR

.

cC u = OVERALL HEAT TRANSFER COEFFICIENT
c BTU/HR.SQFT.F
C VW = WATER VELOCITY IN TUBE, FT/SEC. .
C RE = REYNOLD NUMBER INSIDE THE TUBE
C PR = PRANDTL NUMBER

‘ \\ |
C HJ20 = WATER SIDE HEAT TRANSRER COEFFICIENT
c BTU/HR.SQFT.F

c BTU/HR.SQFT.F /

o

C HT2 = VAPOR SIDE CONDENSING COEE{ifIENT

N .

N

o

f;: COMMON DI, DO

READ*,NTEST1,NTEST2 \
' L |

. 3

] \ v
DO 80 ITEST=NTESTL,NTEST2 ,\\

PRINT 90, ITEST - \

READ*,NTUBES

. READ*, AMRRT,HFG ‘
IF (NTUBES.EQ.1l) GO TO 505

W1=2480.88
W2=2483.4
W3=2344.44
W4=2438.88 -

GO TO 506
505 . READY*, WS

GO TO, 514
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WP S

596

&
514

510 -

5290

523

525

527

538

AMW= (W1+W2+W34W4) /4
GO TO 510 | o \

AMW=WS

CPW=1.0

CPO=.25 _ - : S
CPR=.2350

IF(NTUBES.EQ.1) GO -TO 520 .

A=1.74532

GO TO 523
A=0.43633 | oo
GO TO 525

READ*,T1,T2,T3,T4,TS5,T6,T7, T8 T9,T10,

+ Tl1,T12, Tl3 T14 TlS T16 Tl7 T18 T19,7T29, TZl T22,T23,T24 -

GO TO 527

READ*,Tl1S,T2S,738,T4S,T58,T6S, . .
+ T7s,T8S,T9S,T10S,TSAT ’ o ' ‘e

GO TO 538

READ*,TZS,TZG,TZ‘?,TZB ’
READ*,T29,T30,T31,T32,TSAT

PRINT10,AMW,CPW,AMRRT ,HFG,A,CPR,CPO
IF (NTUBES.EQ.1) GO TO 541

PRINTZO T1,T2,T3,74,T75,T6,T7,T8,T9,T10,
+T1l1, T12 T13, Tl4 T15 TlG Tl7 T18 T19 T20,T21,T22, T23 T24
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541

1552

200

567

578

E

PRINTlS,TZS,T26,T27,T28)T29,T301T3l'?32,TSAT

————

GO TO 552 -

3

PRINT750,T1S,T2S,T3S,T4S,T55,T6S,T7S,T8S,T9S,TL0S,TSAT -

$
READ* , DENLRS , 2,0ILDS

V=AMRRT* 0., 0891868*60./12-

PRINT100,DENLRS,V

PRINT200,01LDS

¢

FORMAT (//,5X,13HOIL DENSITY =,F10.6,///)

CALL TRANS (T1) SCALL TRANS (T2) SCALL TRANS (T3) SCALL TRANS (T4)
CALL TRANS (TS)$SCALL TRANS (T6)SCALL TRANS (T7)$CALL TRANS (T8)
CALL TRANS (T9)$CALL TRANS (T10) SCALL TRANS (T1l)$CALL TRANS (TSAT)

CALL
CALL
CALL
CALL
CALL
CaLL
CaLL
CALL
CaLL
CALL
CALL

TRANS (T12) $CALL
TRANS (T15) $CALL
TRANS (T18) SCALL
TRANS (T21) SCALL
TRANS (T24) $CALL
TRANS (T26) SCALL
TRANS (T29) $CALL
TRANS (T15) SCALL
TRANS (T4S) $CALL
TRANS (T7S) $CALL
TRANS (T10S)

TRANS (T13) SCALL
TRANS (T16) SCALL
TRANS (T19) SCALL
TRANS (T22)

TRANS (T25) $CALL
TRANS (T27) $CALL
TRANS (T30) $CALL
TRANS (T2S) SCALL
TRANS (T5S) SCALL
TRANS (T8S) SCALL

IF (NTUBES.EQ.1) GO TO 567

TRANS (T14)
TRANS (T17)
TRANS (T20)

TRANS (T23)

TRANS (T28)

TRANS (T31) $CALL TRANS (T32)
TRANS (T3S)

TRANS (T6S)

TRANS (T9S) .

PﬁINTZO,Tl,TZ,T3,T4,TS,TG,T7,TB,T9,T10,T11,T12,
T13,Tl4,T15,T16,T17,T18,T19,720,T721,T722,7T23,T24

PRINT15,T25,T26,T27,T728,T29,T30,T31,T32,TSAT

GO TO 578

PRINT?SO,TiS,TZS}TBS,T4S,TSS,TGS,T7S,TBS,T95,TIOS,TSAT

WR=1/(1+2/100)

WO=1-WR

.234 -
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IF(NTUBEé.EQ.l) GO TO 586
QW1=W1*CPW* (T29-T25)
QW2=W2*CPW* (T30-126) )
QW3=W3*CPH* (T31-T27) ] ‘
QW4=W4 *CPW* (732-T28)
olf(ow1+owz+ow3+ow4)

GO TO 591 .
586 Téo-(T88+TQS+TIOS)/3

Ql=AMW*CPW* (TSO-T7S) * : '

. . - ‘ B ‘ ° : ..
IF(Z.EQ.0) GO TO 592 ‘ ) . C .

P

591 AMR=(V/(1+2/100))* (OILDS/ (1+WR* ( (OILDS/DENLRS)-1)))
' GO TO 594 D0 '

592 AMR=V*DENLRS ' ' ‘ "

594 OMRT=AMR*Z/100 o | L

Q2=AMR*HFG

QAVE= (Q1402) /2. o '

IF(QL.LT.Q2) GO TO 50 , ,
PER=( (Q1-02) /Q1) *100. ' s
GO TO 60 : - ~ | .

50 PER= ( (Q2-Q1) /Q2) *100.
- 60 | IF(NTUBES.EQ.1l) GO TO 595

.

TSAVE= (TL+T2%T3+T4+TS+T6+T7+T8+T9+T10 . .
++T11+T124T134T14+T15+T16+T17 +T18+T19+T20+T21+T22+T23+T24) /24

: - ' ‘o
GO TO 598 . . ' *

/

- e R H A S
- i e T N A T
. C
-
o

L e R < R

[ agrer. PR
-




v

595 TSAVE= (T1S+T2S+T35+T4S+T55+T68S) /6
v +e . 598 _ TVAVE=TSAT

- : o
q ~ ' » .
L ’ » TAV=(TVAVE+TSAVE) /2

‘ , ' R
‘ : A 1
. S DELTAT=TVAVE-TSAVE )

- L PRINT300,DELTAT,AMR,Z, TAV,OMRT

~

ey

300 FORMAT(///.5%, o
+36HVAPOUR TO SURFACE TEMPERATURE DROP =,F10.6,//,
~ +5X,28BREFRIGERANT MASS FLOW RATE =,F10.4,//,
- +5X,32B0IL TO REFRIGERANT MASS RATIOS =,Fl0.4,//,
+5X,38HVAPOR TO SURFACE AVERAGE TEMPERATURE =,Fl10.4,//.
+5X,20HOIL MASS FLOW RATE =,Fl10.6,////)

4
Mt
p4

. 'H1=QAVE/ (A*DELTAT) . C LI

‘. _."YHQL=Q1/ (A*DELTAT) L ' ' )

-

HQ2=Q2/ (A*DELTAT)
IF (NTUBES.EQ.1) GO T0 603

Y

S XLMTD1=( (TVAVE-T35) - (TVAVE-T29))/ALOG ( (TVAVE-T25 ) / (TVAVE=
+T29)) . .

* XLMTD2= ( (TVAVE-T26 ) ~ (TVAVE=T30) ) /ALOG { (TVAVE=T26 ),/ (TVAVE-T30) )

1

o

~

’

o « XLMTD3= { (TVAVE~T27) - (TVAVE-T31) ) /ALOG ( (TVAVE-T27) / (TVAVE-T31}) -

XLMTD4-((TV%VE-&ZS)*;TVAVE—TBZ))/ALOG((TVAVE~T28)/(TVAVE-T32)L

. * I
o » ‘e
- L4
o

XLMTD= (XLMTD1+XLMTD2+XLMTD3+XLMTD4) /4
GO, TO 609

Ll

603 XLMTD= ( (TVAVE=175) - (KVAVE~TSO) ) /ALOG { ( TVAVE-T7S) / (R/AVE-TS0) )
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‘ 609 DO=.05298 ‘ ) .
t . x
i | U=QAVE/ (A*XLMTD) ' ’ - - -
; DI=. 04125 | . co
P " DENW=62.4 R - T
i L : i .
; ., VISW=3.63 . .
% XRW=, 33 v [
' IF (NTUBES.EQ.1) GO TO 613 - »
L - PRINTS00,XLMTDL,XLMTD2,XLMTD3,XLMTD4 , XLMTD .
1 ' - ; ' ‘
) ‘ (‘ | |
) , A
g " 500 FORMAT (5X,8HXLMTD] =,F10.4,5X,8EXLMTD2 =,F10.4,5X,
: : +8HXLMTD3 =,F10.4,//,5X,8HXLMTD4 =,F10.4,10X, THXLMTD =,F10.4,4//)
, 651 - FORMAT (5X,7HXLMTD =,F10.4,///) . ‘
/ " ~ .
663 ' PRINT30,DI,DENW,VISW,XKW,DENLR,D0
i ;" /

-
- : ~ -

TCA= (DI**2) *ATAN(1.)

vt AT
L4
»

v VWeAMWA/ (36 00*DENWATCA) Lo Y
. ' 'p
RE= (DENW*VW#*3600*DIY /VISW '
: s ! . {
. ‘ . . . x 4
PR=VISW*CPW/XKW \ ) ;‘
. . «
y CF=217( ({2,236 *ALOG (RE) ) =4.639)**2) .
. ‘? .‘ N ] |
4 . ¢ ‘
XNU= (RE*PR* (CF/2.))/ (1.07+12.7*((PR%*.6667) -1.) * (SQRT(CF/ » - |
+2.))) " . o e T N i
" , 'y ’
‘HW1=XNU*XKW/DI ‘ | :
“.‘ B " e , 4 ) . "
-8 v ' } \
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GO TO 675 -

il - P v
" * I’/ : 4 Iy
HW10=HWL*DI/DO '

RWl=1./HW1O ~ = . b

“

TH=. 00541

 XKT=224.0 .-
PRINT40, TH, XKT
RVT1= (1./0) -RW1- (TH/XKT)

‘BT1=1./RVT1.

IF (NTUBES.EQ.1) GO 670

* TBlm (T25+T26+T27+T28) /4 .
TB2={T29+T30+TIL+T32) /4

TB= (TB1+TB2) /2.
) ~
670  TBl=T7S

- TB2=TSO

TB= (T7S+TS0) /2

675 -HW2=150.%(1.+0.0L1*TB) * (VW**0.8) / ((DI*12) ##0.2)

HW20=HW2*DI / DO °

RW2=1. /HW20
RVT2= (1. /U) ~RW2~ (TH/XKT)
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" 89

10°

750

15

20

30

. +5X,23HREFRIGERANT RISE RATE -,FlO 4,/Yr

HT241./RVT2

PRINT70,0Q1,02,0AVE, TSAVE, TVAVE Hl HOL, Hoz U, VW, RE,
+PR, HW20,HT2, PER o

CONTINUE\ * g T

. .
> M -

STOP ' .. _: . . RV . .

. FORMAT (5X, 17HWATER FLOW RATE =,F10. 4,//, 5x,
+24HSPECIFIC HEAT OF WATER =,F10.4,//, T
+5X,29HLATENT HEAT OF VAPORIZATION -,rlo 4 INE . .,
+SX,19HTUBE SURFACE AREA =,Fl0.4,//, : L
+5%X,34HALIQUID REFRIFERANT SPECIFIC HEAT -,Flo. ,//, _— .
+5x,1saoxn SPECIFIC HEAT =,F10.4, //) '

~

FORMAT(// 5X,5HT1S =,F10.4,5X, SHT2S =,F10.4, SX SHT3S -,FlO 4,//, ,
+ 5X,5HT4S t,Flo 4,5X,5HTSS ',FlO. +5%X,5HT6S -,FlO. 1/l
+ 5X,5HT7S= ,Fl10.4,5X,5HT8S =,F10.4,5X,5HT9S =,FLO 4 o/l e
+ 5X,6HT10S =,F10.4 7HTSAT S,FIO 4 //) . . -y
FORMAT(// 5%, ’
+5X,5HT25 =,F10.4,5X, SBTZS =,F10.4,5X,50T27 =,F10.4,5%, .
+SHT28 =,Fr10.4,//, sx SAT29 =,F10.4,5X,58T30 8,5‘10 4,5X,5HT31 =,
+F10.4,5X,5HT32 -,)?10.4, M . ,
+ //.,5%X, GH‘I‘SAT =,F10.4}

‘\

FORMAT (5X,5HT1 -,F10.4,SX,,SHT;§’§’-,F1‘O.'4, ' .
+5X,5HT3 '=,F10.4,5X,5HT4 =,Fl0.4,//,5X,5HT5 =,F10.4,5X,
+5BT6 =,F10.4,5X,5HT7 =,F10.4,5X,58T8 =,F10.4,//,5X,508T9 =,
+F10.4,5X,5HT19 ﬁyFlOJ /75X, BHTll =,F10.4,5%,5HT12 =,F10.4,
+5X, 53’1‘13 =,F10.4,5X,5H8T14 =,F10.4,//,5%, SBT].S -,F10.4 7/ 4 51‘({
+SH'1‘16 =,F10.4,5X, 53’1‘17 =,P10.4,5X,58T18 =,F10.4,//,

+ 5X,5HT19 -,FlO 4 SX,S5HT20 -,FIO 4,5X,5HT21 =,F10.4,//,.
+ 5X,5HT22 =,F10.4,5X,5HT23 -,FlD 4 5X,5HT24 -,FlO 4,////)

-

s

>

FORMAT (5X, 22HINSIDE TUBE DIAMETER -,E‘lO.S,//,
+5X, 18BDENSITY OF WATER =,F10.5,//,
+5X,20HVISCOSITY OF WATER =,F10.5,//,
+5¥ . 31BTHERMAL CONDUCTIVITY OF WATER =,Fl10.5,//, .

X,28HLIQUID REFRIGERANT DENSITY = ,F10.4,//,
4+ S5X,25HACCELERATION OF GRAVITY =,F13(2,//, .-
+ 5X,23HOUTSIDE TUBE DIAMETER =,Fl10.

Tmmm——
—




40

70

90
100

g . S ARY

' ‘ - . : ‘\;
}\( - .
FORMA™N5X ,19HTHICKNESS OF TUBE =,F10.64//,
+5X, 3 0HTHERMAL CONDUCTIVITY OF TUBE =,F10.6)
FORMAT (5X, 22HWATER HEAT FLOW RATE =,F10.3,//,
_+5X,33HREFRIGERANT SIDE HEAT FLOW RATE =,F10.3,//, -
+5X,19HAVERAGE Ql AND Q2 =,F10.3,7/, o

+5X,34HTUBE AVERAGE- SURFACE TEMPERATURE =,F10.3,//,
+5X,28HVAPOUR AVERAGE TEMPERATURE =,F10.4,
+//,5X,36HVAPOUR SIDE CONDENSING COEFFICIENT =,Fl10.4,//,
+5X,45HQ1 BASED VAPOUR SIDE CONDENSING COEFFICIENT =,F10.4,//,
+5%,45HQ2 BASED VAPOUR SIDE CONDENSING COEFFICIENT =,F10.4,//,
+5X,35EOVERALL REAT TRANSFER COEFFICIENT =,F10.4,//,

+5X, L6EWATER VELOCITY =,F10.4,//,

5
+5X, 16HREYNOLD NUMBER =,F10.4,//,5X,16HPRANDTL NUMBER =,F10.4, °

+5X,//,38HWATER SIDE HEAT TRANSFER COEFFICIENT =,F12.4,//,5X%,
+3GHVAPOUR SIDE CONDENSING COEFFICIENT =,F10.4,//,5X,
+1SHPERCENT ERROR = ,_F10.4)

3

FORMAT(/////,5X;LOHTEST NO. =,I10,/,5X,19(1B-),///)
FORMAT(//, ’
+5X,41HDENSITY OF SUBCOQLED LIQUID REFRIGERANT =,
+F10 6,//,5%X,26EMIXTURE VOLUME FLOW RATE -,FlO 6,//)
END
SUBROUTINE TRANS (T) FOR TRANSFORMATION OF MILLIVOLT
TO DEGREE FEHRENHEIT

SUBROUTINE TRANS (T)
DYMENSION A (18,12) .
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!
A(l,1)=0.SA(1,2)=0.$A(1,3)=1.5A(1,4)=2.SA(1,5)=3.
A(1,6)=4.SA(1,7)=5.SA(1,8)=6.SA(1,9)=7.$A(1,10)=8. )
A(1,11)=9.5A(2,1)=30.SA(2,2)=-.0435A(2,3)=-. 0225A(2,4)=0.00"
A(2,5)=.022 . ;
A(2,6)=.043$A(2,7)=.065SA(2,8)=.0865A(2,9)=.1085A(2,10)=.130
A(2,11)=.151SA(3,1)=40.SA(3,2)=.173SA(3,3)=.1955A(3,4)=.216
A(3,5)=.2385A(3,6)=.260SA(3,7)=.282SA(3,8)=.3035A(3,9)=.325
A(3,10)=.347SA(3,11)=.369SA(4,1)=50SA(4,2)=.3915A(4,3)=.413
A(4,4)=.435SA(4,5)=.457SA(4,6)=.479SA(4,7)=.5015A(4,8)=.523
A(4,9)=.545SA(4,10)=.567SA(4,11)=.589SA(S,1)=698A(5,2)=.611
A(5,3)=.634$A(5,4)=.656SA(5,5)=.678SA(5,6)=.700$A(5,7)=.722
A(5,8)=.7455A(5,9)=.767SA(5,10)=.789$A(5,11)=.812$A(6,1)=70
A(6,2)=.834SA(6,3)=.857SA(6,4)=.879SA(6,5)=.9025A(6,6)=.924
A(6,7)=.947$A(6,8)=.969SA(6,9)=.992SA(6,10)=1. 014SA(6,11)=L. 037
A(7,1)=80.$A(7,2)=1.060$A(7,3)=1.0825&(7,4)=1.1035A(7,5)=1.128
A(7,6)=1.151SA(7,7)=1.1736A(7,8)=1.196SA(7,9)=1.2195A(7,10)=1.242

y

A(7,11)=1.2655A(8,1)=90.SA(8,2)=1.2885A(8,3)=1.311
A(8,4)=1.334SA(8,5)=1.3575A(8,6)=1.3808A(8,7)=1.403
A(8,8)=1.426SA(8,9)=1.4495A(8,10)=1.472SA(8,11)=1.495
A(l1,12)=10. § A(2,12)=.173 § A(3,12)=.391 § A(4,12)=.611
A(5,12)=.834 $ A(6,12)=1,060 $ A(7,12)=1.288 $ A(8,12)=1.518.
A(9,1)=100. $ A(9,2)=1.518 § A(9,3)=1.542 $ A(9,4)=B.565
A(9,5)=1.588 § A(9,6)=1.611 $ A(9,7)=1.635 $ A(9,8)=1.658
A(9,9)=1.681 $ A(9,10)=1.705 § A(9,11)=1.728 $ A(9,12)=1.752
A(10,1)=110. $ A(10,2)=1.752 $ A(10,3)=1.775 $ A(10,4)=1.799
A(10,5)=1.822 S A(10,6)=1.846 § A(10,7)=1.869 $ A(1l0,8)=1.893
A(10,9)=1.917 $ A(10,10)=1.940 S A(10,11)=1.964 $ A(10,12)=1,988
A(P1,1)=12b. § A(11,2)=1.988 § A{11,3)=2.011 $ A(11,4)=2.035
A(11,5)=2.059 $ A(11,6)=2,083 $ A(1ll,7)=2.107 $ A(1l1,8)=2.131

- A(11,9)=2,154 $ A(11,10)=2.178 $ A(11,11)=2.202 $ A(1ll,12)=2.226

A(12,1)=130. $ A(12,2)=2.226 $ A(1l2,3)=2.250 § A(12,4)=2,274
A(12,5)=2.298 $ A(1l2,6)=2.322 § A(12,7)=2.347 § A(12,8)=2.371
A(12,9)=2.395 $ A(12,10)=2.419 $ A(l2,11)=2.443 $ A(12,12)=2.467
A(Y3,1)=140, $ A(13,2)=2.467 $ A(13,3)=2.492 § A(13,4)=2.516
A(13,5)=2.540 S A(13,6)=2.565 $ A(13,7)=2.589 § A(l3,8)=2.613
A(13,9)=2.638 $ A(13,10)=2.662 $ A(13,11)=2.687 S A(13,12)=2.711
A(l4,1)=150. § A(14,2)=2.711 $ A(1l4,3)=2.736

A(14,4)=2.760 $ A(14,5)=2.785 $ A(14,6)=2.809 $ A(14,7)=2.834
A(l4,8)=2.859 $ A(14,9)=2.883 $ A(14,10)=2.908'S A(14,11)=2.933
A(l4,12)=2.958SA(15,1y=160.5A(15,2)=2,9585A(15,3)=2.982
A(15,4)=3.007SA(15,5)=3.0325A(15,6)=3.657$A(15,7)=3,082 -
A(15,9)=3.131$A(15,10)=3.156SA(15,11)=3.181$A(15,12)=3.206
A(16,2)=3.206SA(16,3)=3,.231$A(16,4)=3.256$A(16,5)=3.28L"
A(16,7)=3.3328A(16,8)=3,357SA(16,9)=3.3825A(16,10)=3.407
A(l6,12)=3.458$A(17,1)=180.5A(17,2)=3.4585A(17,3)=3,483
A(17,5)=3.5335A(17,6)=3.5595A(17,7)=3.5845A(17,8)=3.609
A(17,10)=3.66SA(17,11)=3.6865A(17,12)=3,711$A(18,1)=190.
A(18,3)=3.737SA(18,4)=3.762$A(18,5)=3.7883A(18,6)=3,813
A(18,8)=3.864S5A(18,9)=3.89$A(18,10)=3.9165A(18,11)=3.941 7
A(15,8)=3.107SA(16,1)=170.$A(16,6)=3.307 :
A(16,11)=3.432SA(17,4)=3.508SA(17,9)=3.635

-A(;B,2)-3.7ll$A(18,7)-3.839$A(18,12)=3.96

»
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Do .
J !
/ ,/r
[ ; - .
I=2 § J=2 ¥ ,
10 IF(TGE. A(I,J)) GO TO 20
IC=I-1
I®(T.GT.A(I J)) PRINT 70
GO TO 30
20 I=I+1
GO TO 10
30 - IF(T.GE. A(IC,J)) GO TO 50
. JC=J-1 o s
IF(T.GT.A(I,J)) PRINT 70 ‘
GO TO 60
50 JuJ+l “
© GO TO 30
60 .T= A(IC,1)+A(1l, JC)+(T-A(IC JC))/(A(IC, JC+1)-A(IC JC))
RETURN
70 FORMAT (5X, 30HYOUR READINGS OUT OF THE TABLE)
END .
-EOI~ ‘ 7
4 : '
. i‘
,.—aﬁl .
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. + APPENDIX III
PROGRAM RANA (INPUT,OUTPUT)

222X 2222223222223 2 22232332 2222232222 222 222212 d 2]

THIS PROGRAMME WAS DESIGNED TQO SOLVE THE ANALYT-
ICAL EQUATIONS NO. (5.39) AND (5.63) DERIVED IN v
THIS STUDY. NUSSELT'S EQUATIONS FOR SINGLE AND MUL-
TITUBE CONDENSATION ARE ALSO INCLUDED IN TEHIS

NO. (6.21). THE REFRIGERANT-OIL SOLUTION THERMAL
CONDUCTIVITY IS EVALUATED INTERNALLY BY THE A
PROGRAMME., B ' S

* *
» *
* *
* "
* *
*  PROGRAMME AS WELL AS NUSSELT'S MODIFIED EQUATION *
" *
* »
X *
* *
T *

************************************’*?*******t**********

‘l - . .
INPUT PARAMETERS ' - T

Z = OIL TO REFRIGERANT MASS RATIO, KG. OIL/ KG. REFRIGERANT

DELTAT = FILM TEMPERATURE DROP, °C ‘ -

D = CONDENSING TUBE OUT SIDE DIAMETER, METER

HFG = LATENT HEAT OF CONDENSATION, J/KG .

DENSM = OIL-REFRIGERANT SOLUTION DENSITY, CALCULATED BY
'EQUATION (5.64) AT THE FILM AVERAGE TEMPERATURE,
'KG/ CU.M SR

ACCG =’ ACCELERATION OF GRAVITY, M/ §Q.S

UMIX = VISCOSITY OF OIL-REFRIGERANT SOLUTION, FOUND

FROM FIGURES (9 AND 10) AT THE FILM AVERAGE
TEMPERATURE, KG/ M.S .

1

cp = PURE REFRIGERANT CONDENSATE SPECIFIC HEAT
J/KG.° C (TABLE 26).

CPM = OIL-CONDENSATE MIXTURE SPECIFIC HEAT
J/KG. T (TABLE 26).

XKO = PURE OIL THERMAL CONDUCTIVITY, FOUND FROM FIGURE

(11) AT THE FTLM AVERAGE TEMPERATURE, !
Ww/MaC ‘

1203 -

‘f::




4

XKR _= PURE REFRIGERANT THERMAL CONDUCTIVITY, AT THE
FILM AVERAGE TEMPERATURE. IT IS LISTED IN TABLE .
(26). w/MXC - ’

DENR .= PURE REFRIGERANT DENSITY, AT THE FILM AVERAGE
. TEMPERATURE LISTED IN TABLE (26). KG/CU.M ’

o0 o0 0ono

UR. = PURE REFRIGERANT VISCOSITY, AT THE FILM AVERAGE
TEMPERATURE LISTED IN TABLE (26). KG/CU.M

OUTPUT PARAMETERS eo ' ) : '

- -

a0,

HN1 = NUSSELT'S EQUATION CONDENSING COEFFICIENT ON A SINGLE
HORIZONTAL TUBE « W / SQ.M°C
‘Q
HN4 = CONDENSING COEFFICIENT OBTAINED BY NUSSELT'S
EQUATION FOR MULTI-TUBE BUNDLE,W/SQ.M°C

HP1l = SINGLE TUBE CONDENSING COEFFICIENT FOR PURE
VAPOR CONDENSATION, OBTAINED FROM EQUATION
‘ f5 39, W/SQ.M °c.

EMX1 = SINGLE TUBE CONDENSING COEFFICIENT FOR OIL
VAPOR MIXTURE CONDENSATION OBTAINED FROM
EQUATION 5.39, W/SQ.M’C.

D00 OO0 00N 00

HMX4 = FOUR TUBE MEAN CONDENSING COEFFICIENT FOR
OIL-VAPOR MIXTURE CONDENSATION OBTAINED
FRQ& EQUATION (5.63).

" HNMOD = MULTITUBE MODIFIED CONDENSING COEFFICIENT
FOR CONDENSING PURE VAPOR, OBTAINED FROM
EQUATION (6.21), W/sQ.M2C. h

HMX4MOD = MULTI-TUBE MODIFIED CONDENSING COEFFICIENT
PFOR CONDENSING OIL-VAPOR MIXTURE OBTAINED
FROM EQUATION (6.20 A), W/SQ. M2C.

000 NAa0 aaon

DO -80 1=1,7
READ *,2,DELTAT,D . ,
PRINT 90,%,DELTAT,D . ' o ,

90 PORMAT (///, Sx 18HOIL PERCENTAGE % =,F10.4,5X, BHDELT‘AT'-,
+ F10.5, SX,ISBTUBE DIAMETER =,F10.5,/, 53,81(13*) 2)

READ *,HFG,DENSM, ACCG UMIX CP,CPM,XKO, XKR, ¢

j-»nmmmz _ ‘ .
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s Wosz/ (2+100) - § L
WR=1-WO | ‘, ' _
XKM=XKR¥WR+XKO*WO-0:72* (XKO-XKR) *HO*WR

" PRINT 100,XKM,HFG,DENSM,ACCG,UMIX,CP,CPM,XKO, XKR,
+ DENR,UR

100 PORMAT (/,5X,5HXKM =,F10.6,5X,5HHFG =,F10.4,5X,
7HDENSM =,FP10.4,//,5X,6HACCG =,F12.1,5X,6HUMIX =,
F10.6,5X,4HCP =,F18.2,//,5X,5HCPM =,F12.10, s
sX, saxxo =,F16.14,5X,5HXKR -,F16 14,//, '
5X,6HDENR =,F10.4,
5X,4HUR =,F10.8,///)

+++++

A= (DENR**2) *HF G (XKR**3) *ACCG

B= (D/12) *DELTAT*UR |

C= (DENR**2) *ACCG*HFG .
Q= 3*DELTAT* (DENR*#*2) *CP*ACCG/8

~ -

E=UMIX*DELTAT*D/12

P= (HFG*ACCG* (DENSM**2) ) /(1+2/100)

G=3*DELTAT* (DENSM*+2) *CPM*ACCG/8
.
: - \ S=0,25
. EN1=0,725% (A/B) **0.25
: S . _HN4=HN1* (S%%0.25) '

. “HPl=(0.725% (KKR*¥0,75) / (B**0.25) ) * (C+Q) **0.25
; ‘ ‘ HMX1= (0.725% (XBM**0.75) / (E¥*0.25)) * (F+G) **0.25
: ' Hw (0.725% ((P* (XKM**3) ) #% 0, 25))/(3*(1+z/1oon**o 25

BMX4=H* (S**0,25)
ENMOD=HN1* (S**0.167)
EMX4MOD=H* (S**0.167)
PRINT 120,HENL,EN4,HP1,HEMX1,HMX4 , ENMOD , EMX4MOD

1

*»

BB=0.525 |
BeB/BB . ,
E=E/BB /

HPL=(0.725%(XKR**0.75)/ (B**0.25) ) * (C+Q) *¥0.25
 HMX1=(0.725% (XKM##0,75) / (E#*0.25) ) % (F+G) *%0.25
s PRINT 150,EP1,EMXI

PR, BT
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b
"
;
g
&,
3

120

150

80

. PORMAT(///,15X,5HHEN1 =,F20.4,//,15X,SHHN4 = ,F20.4,
+ //,15X,5HEP1 =,F20.4,//,15X,6BHMX1 -,no.4,//,

+15x’6mx4 -,PZO.‘,//
+15X, 7HHNMOD =,F20.4,//,
+l§X,9HHMX4MOD -,F20.4,//)

FORMAT (///,15X,SHEP1 -,rzo 4,//,
+15X, 6HHMX1 =, F20.4)
CONTINUE ‘

STOP
END

EOI ENCOUNTERED..
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