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VISUAL OBSERVATIONS IN AN AMMONIA EVAPORATOR
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ilt is generally agreed that visual observations are of much value in understanding the_physicaﬁ
phencmena that occur iam evaporators. While several such studies on R-11, R-12, and R-22 .
levaporators have been reported, no such efforts seem to have been devoted to ammonia evapora- |
|tors. Ammonia differs markedly from other common refrigerantas because it is practically
insoluble ‘in oil, while R-11, R-22, and R-12 are soluble. For this reason, results of visual
studies on these refrigerants are not directly applicable to ammonia evaporators.

I
. |
1 Extensive studies on a recirculation type ammonia evaporator were made by the author at :hel
“Institute of Refrigeration, Technical University of Norway at Trondheim, Norway. In these
lexperiments. local heat transfer coefficients and local pressure drop rates were measured, and|
|simultaneous observations through sight glasses were made. Correlations developed from these
data for predicting heat transfer and pressure drop rates are presented in another paper (1). I
|In that paper, visual observations are discussed only briefly. ]
1 .
! In this study, flow pattern data from several test runs are presented along with the meas- |
N Jured heat transfer and pressure drop rates to examine any possible interrelation. The devel~
/ lopment of flow patterns along the length of the evaporator for various mass flow rates and ]
; lheat fluxes 1s described with other phencmena like tube wvetting, film climbing, etec.. Flow i
pattern data are compared with two correlations, Tesulting in maps that can be used for pre~
ldicting flow patterns. The behavior of oll observed in the gight glasses and its apparent- I
|effect on heat transfer and pressure drop are discussed. : I
H
[
I
|

]EXPERIHENTAL SETUE

The experimental apparatus has already been described in Ref. 1 and is shown schematically in
‘Fig. 1. The l40-meter long horizontal evaporator was fabricated from commerical grade steel
!pipe of 26.2 mm ID. The length was divided into 12 sections: the first 10.6 m long and the
|jrest 11.77 m long. Thus, 13 stations for measuring local heat transfer and pressure drop

rates were formed. Sight glasses 50 mm long, 26.2 mm ID were provided at the last 12 stations,|
!there being no sight glass at station 0. The sight glasses were protected by perspex shields,
the heating cables pasaing through the annular space between shield and sight glass without
actually touching the latter. The last 3 sight glasses were later removed because of frequentl

Ibreakages at low mass flow rates.

The ammonia compressors were of conventional reciprocating design with standard oil sap~ 1
arators In their discharge lines. No devices for measuring or controlling the amount of oil in I
circulation were provided. The svaporator was frequently drained of oil. 1In no instance were ‘
any extracrdinary amounts of oil discovered. Mobil 0il Corporation’s Artic 300 oil was used in
lthe compressors. The kinematie viscosity of this oil varies from 5000 cantistoke at O C to I
{300,000 Centistokes at -30 C. The thermal conductivity of oil rises lineerly from .1095 at
i40 C to .113 kesl/mhr C at -17.5 C. . .

Fcal/mzht, ammonia temperatures between O to -40 C, and vapor qualities from O to 100 percent.

j Details of pressure, temperature measurements, and data reduction techniques are of limited

| 7Tests were conducted with masa flow rates from 60 to 3000 kg/hr, heat fluxes up to 2000 I
|
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pattern data are compared with two correlations, resulting in maps that can be used for pre-
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[EXPERIHENTAL SETUP

The experimental epparatus bas already been described in Ref. 1 and is showvn achematically in
IFig. 1. The l40-meter long horizontal evaporator was fabricated from commerical grade steel
lpipe of 26.2 mm ID. The length was divided into 12 sectiona: the first 10.6 m long and the
jrest 11.77 m long, Thus, 13 stations for measuring local heat transfer and pressure drop

jrates were formed. Sight glasses 50 mm long, 26.2 mm ID were provided at the last 12 gtatioms,|
ithere being no sight glass at staticn O. The sight glasses were protected by perspex shields,l
the heating cables passing through the ammular space between shield and aight glass without
actually touching the latter. The last 3 sight glasses were later removed because of frequen:‘

breakages at low mass flow rates.

The ammonia compressors were of conventional reciprocating design with standard oii sap- 1
Iarators in their discharge lines., No devices for measuring or controlling the amount of oil in !
Icirculatiun were provided. The evaporator was frequently drained of oil., In no instance were I
any extraordinary amounts of oil discovered. Mobil 041 Corporation’s Artic 300 oil was used in
lthe compressors. The kinemstic viscosity of this oil varies from S000 centistoke at 0 C to

"1300,000 Centistokes at =30 C. The thermal conductivity of oil rises linearly from .1095 at

{40 C to .113 keal/mhr C at -17.5 C. :

anllm?hr, ammonia temperatures between § to -40 €, and vapor qualities from 0 to 100 percent.
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{ Tests were conducted with mass flow rates from 60 to 3000 kg/hr, heat fluxes up to 2000 [
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tinterest for the purpose of this paper ‘and can be found in Ref 1. Results of a heat leakaga |
lealibration test are shown in Fig. 2. It ia apparent that heat leakage, calculated as the !
Idifference between the change in eathalpy of ammonia and electric heat igput, is neglegibiy
small. ’

e

| FLOW PATTERNS

IConcept and Utility

i
I
| The concept of flow patterns 1s an attempt to describe the geometry of flow., Observations I

indicate that the variocus flow geometries can be divided into z fow braad zlassas. Yarious
[correlations have been proposed for predicting the flow patterns. |
I

l The knowledge of prevalent flow pattern has generally been utilized in two ways. One
Iapproach has been to regard it as a similarity parameter or corralating device. Thus, it is
fasserted that for the same flow pattern, the same approximate emperical laws govern the momen—
jtum fields in all two-phase pipe flows, This approach has been used to much success by sev-__
eral workers including Baker 2) who gives different correlations for different flow patterns |
to calculate pressure .drop. ) [

[ A second use is found through more fundamental conaiderations. If the velocity field in any]
l£10w is completely known, in principle it becomes possible to caleulate the temperature and
|pressure distribution by the application of laws of motion and thermodyuamics. The knowledge
Iof flow pattern type is helpful £o some extent in determining the velocity distriburfon, For
example, if the flow pattern 1s known to be perfectly annular, pressure drop calculations he=- I
|jcome possible through the use of the Universal Veloeity Distribution Law. Examples of such |
lderivations can be found in several texts including that by Collier (6). Such approaches are
of great value in obtaining a deep insight into the two-phase phencmena, but calculations
|based on these methods are generally cumbersome. Predictions are not necessarily accurate
Ibecause flow patterns are rarely perfect, and the various assumptions made in analysis are of l
limited validity. ' l
I
|

IClassiEicatian

| The terminology used to describe flow patterns has varied considerably with varfous workers.
|The definitions used in analysing our data are as follows:

|
f
I

}

Stratified - Liquid and vaper phases completaly geparsted b¥ 8 wiull uawl calm interface, |
!

|

Wavy - Liquid separated on the bottom with a wavy Interface. Occasional large waves or
alugs may occur, but the top should remain dry most of the time,

o
Slug - An extension of wavy flow pattern. The frequency of slugs is greater so that the top
portion of the pipe remains wet most of the time. ]

I

|

!

| Cresecent - Bagically annular but the liquid film is woticeably thicker at the bottom. The
Itop 1/8 may occasionally be dry. - -

!
|
i

Sem{-Crescent - Basically crescent but more than the top 1/8 remains dry all the time.

Semi-Annular - Basically annular but the top of the tube is not wet. The definitions
glven sbove are generally in agreement with the most common usage with the exception of the
term semi-annular. . :

Data

!
|
Annulsy - An apparently uniform liquid layer covers the entire pipe circumference. !
|
!

|
1 Flow pattern data from 7 test runs ars preaented in Fig. 3 te 6. In Fig, 3, flow patterns
and presgure drops with coil exit temperatures at spproximately -30 C are shown. The devel- !
lopmen: of flow patterns at 4 different ngsa flow ratea can thus be studied together with their
|possible influence on pressure drap rates. In Fig. 4, the heat transfer data from the same
tests ars given, Fig. 5 and & provide gimilar data from coll exit temgeratures around -5 C. |
|

[During all thege test runs the heat flux was approximately 2000 kcal/m*hr.

1
) In interpreting these data, it must be noted that the pressure drop data are raw i.e. o I
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linterest for the purpose of thiag paper and can be found in Ref 1. Results of a heat leakage
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I The concept of flow patterns is an attempt to describe the geometry of flow. Observationa
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A second use is found through more fundameatal considerationg. If the velocity field in any
iflcw is completely known, ia principle it becomes posaible to calculate the temperature and
[preaaura distribution by the application of laws of motion and thermodynamics. The knowledge
lof flow pattern type is helpful to some extent in determining the velocity distribution. For I
example, 1f the flow pattern 1s known to be perfectly annular, pressure drop calculations bew
|come possible through the use of the Universal Velocity Distribution Law. Examples of such |
[derivationn csn be found in several texts including that by Collier (6). Such approaches are
of great value in obtaining a deep insight into the two-phase phenomena, but calculatrions ]
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]Classification

I The terminology used to describe flow patterns has varied considersbly with various workers,
IThe definitions used in analyaing our data are as follows:

1

Stratified - Liquid and vapor phases completely separs:ted b¥ & smieil ..l calm interface,

I , .
| Wavy ~ Liquid separated on the bottoem with a wavy iaterface. CQccasional large waves or
alugs may occur, but the top should remsin dry most of the time.

o
Slug - An extension of wavy flow pattarn. The frequency of slugs is graaier so that the top
portion of the pipe remains wet most of the time. I

|

!

i

|  Cresecent - Basically annular but the 11quid film 1s noticeably thicker at the bottom. The
ltop 1/8 may occasionally be dry.

}
!
i

Semi-Crescent - Basically crescent but more than the top 1/8 remains dry all the time.

Seml-Annular - Basically annular but the top of the tube is not wet. The definitions
glven above are generally in agreement with the most common ugage with the exception of the
term semi-annular. - o
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| Flow pattern data from 7 test runs are presented i{n Fig. 3 to 6, In Fig. 3, flow patterns
and pregsure drops with coil exit texperatures at approximately -30 C are shown. The devel- f
'opment of flow patterns at 4 different mass flow rates can thus be studied together with :hairi
|pessible influence on pressure drop rates. In Fig. 4, the heat transfer data from the same

tests are given. PFig., 5 and § provide similar data from coll exit temseraturea around -5 C. |
fDuring 811 these test rung the heat flux was approximately 2000 kcal/m“hr, ]
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leuzrve smoothing has been done, The heat transfer coefficients have been obtained from smoo:h;a
|out curves of mean wall temperatures as explained in Ref 1.

gAnalzais of Data

I
!
] All flow pattern observations were made with the naked eye, and no photographs were taken. f
,The transition from one fiow pattern to another was gradual, and it was often difficult to |
jdecide in which elass the observed pattern should be placed. Distinguishing between slug and i
|#avy, and crescent and annular flows was specially difficult, Perfectly stratified flow was
ynever observed, a few disturbing waves being always present in even the quietest iaterface. f
'Occasionally, the flow pattern was such as could not be placed in any well defined class. HNo
jattempt was made to correlate such odd observations, Finally, the analyses to follow include '
ithe data in Fig. 3 to 6 as well as all the other data not included in these figures. ]
! The development of flow patterns generally followed the behavior described in the texts and |
|in published studies on other evaporators. This is evident from Fig. 3 to 6. At moderate flaﬂ
|Tatea, boiling started with mildly wavy flow. With increasing vapor quality, the waves became
‘mote TTeqdent and latgef iq ampllittde omill the Tlow could deiTnite y be callad slug., Further |
down the length, the slugs became lass frequent and violent and the liquid began to climb up

the walls in a film. With increszsing vapor quality, crescent flaw developed, and further downi

!the length, annular flow oeccured, S i |
At the highest mass flow rates, wavy flow was eliminated, the flow going directly from all |
diquid to slug, to crescent, and then to annular, At the lowest flow rates, slug flow was
rare. The boiling region commenced. with mildly wavy flow, became more wavy, and then tended to]
jcrescent and anbular patterns. At temperatures around -5 ¢ and low mase flow rates, liquid '
+£1Im did not eclimb up the walls sufficiently to cover the whole plpe circumference. Thus under
ithese conditions, only semi-crescent and semi-annular patterns could develop. 1In general, the]
thigher the evaporating temperature, the more the circumference of the pipe was leit dry. Ar

high mass flow rates, most of the pipe circumference wag always wet at all.evaporating tempara4
tures,

: . |
All the flow pattern observations noted in the foregoing may be generslized to state that
‘with increasing vapor velocity, liquid tends to form into 2 £ilm around the pipe circumference.
iThe higher the wvapor velocity, the greater the extent of wetted perimeter will be. Higher 1
ivapor velocity results frem high total mass flow rate, high vapor quality, and low ammonis tem-|
[perature, ’ '
!

i Study of Fig. 3 to 6 reveals that the pesk of heat transfer and pressuyre drop occurs some-
where between 85 and 902 vapor qualities. This fa in agreement with observations of other
refrigerant evaporators, like Chawlafs experiments on R-11 (7). Vary few observations in the

[Liquid deficiency region could be made because sight glasses broke frequently under thege condif

could be satisfactorily completed. The coil exit saturation temperature in that test was -15 C
las the peak of heat transfer was passed, the thin annular liquid film became discontinuous, andl

ithus, part of pPipe circumference became dry. Furthermore, wall and ammonia temperatures showed
@ slow eyclic variation at vapor qualities higher than epproximately 80X, B

i In Fig. 3 and 5 at the lowest mess flow rates, the interrelation betrween pressure drop and
flow pattern seems apparent. The slope of the curve chenges markedly as flow pattern wvaries
[from wavy to semi-creacent. The effect of temperature is also marked. The pressure drop at
|-30 C is seen to be roughly twice the pressure drop at =5 C. Definite conclusions regarding
interrelation of heat transfer with flow pattern and evaporating temperature cannot be drawn

haker Correlation
1 : i

| The best known correlatiom for predicting flow patterns is that by Baker (2)., The paramaterT
uged are dimensional, and bence, the various terms are defined in the following along with -
‘their wnits: . - l
pg = Density of vaper, 1b/ft3 : : |

!
py = Density of liquid, 1b/ft3

!
J
because of the approximare marure of che heat transfer data. b



-:the length, annular flow oceured,

"

leurve smoothing has been done. The heat transfer coefficienta have been obtained from 5mooth;a
fout curves of mean wall temperatures as explained in Ref 1.

:Analxsis of Data

|
!
| A1l flow pattern observations were made with the naked eye, and oo photographs were taken. !
|The transition from one flow pattern to another was gradual, and it was often difficult to ) |
|decide in which class the obgerved pattern ghould be placed. Distinguishing between slug and i
jwavy, and crescent and annular flows was specially difficult. Perfectly stratified flow was
|pever observed, a few disturbing waves being always present in even the quietest interface. f
'Occasionally, the flow Pattern wes such as could not be placed in any well defined class. No
jattemp: was made to correlate such odd observations. Flnally, the analyses to follow include 1
ithe data in Fig. 3 to 6 as well ag all the other dats not included in these figures. i

! The development of flow patterns generally followed the behavior described in the texta andl
[in published studies on other evaporators. This ia evident from Fig. 3 to 6. At moderate fl
jrates, boiling started with mildly wavy flow. With increasing vapor uality, the waves became
‘mote Frequent and” laTger in amplitude anell the tlow could definite v be called Blug,” Further
idown the length, the slugs became lass frequent and violent and the liquid began to elimb up
ithe walls in a film, With increasing vapor quality, crescent flow developed, apd further down,
. ‘ ) ]
At the highest mass flow rates, wavy flow was eliminated, the flow going directly from all |
1liquid to slug, to crescent, and then to annular. At the lowest flow rates, slug flow was
rare. The boiling region commenced.with mildly wavy flow, became more wavy, and then tended tol
jérescent and annular patterns. At temperatures around -5 ¢ and low mass flow rates, liquid I
£1lm did not climb up the walls sufficiently to cover the whole pipe circumference. Thus upnder!
ithese conditions, only semi-crescent and semi-annular patterns could develop. 1In general, thei
thigher the evaporating temperature, the more the circumference of the pipe was left dry. At
jhigh mass flow rates, most of the pipe circumference was always wet at all evaporating tempera4
]

tures. l
3 A1l the flow pattern observations noted in the foregoing may be generalized to state that
gwith increasing vapor velocity, 1iquid tends to form into a film around the plpe circumferenca,
tThe higher the vapor velocity, the greater the extent of wetted perimeter will be. Higher l
ivapor velocity results from high total mass flow rate, high vapor quality, and low ammonia tem-|
iperature, I
3

| Study of Fig. 3 to 6 reveals thar the peak of heat transfer and presaure drop occurs gome-
iwhere between 85 and %0% vapor qualities. This ia in agreement with observations of other
refrigerant evaporators, like Chawla's experiments on R-11 (7). Very few observations in the
j11quid deficiency regien could be made because sight glasses broke frequently under these condit
(Fioms. Only one test with liquid deficiency conditions in which visual cobservations were made
‘could be satisfactorily completed. The coil exit saturation temperature in that test was -15 C
Qs the peak of heat transfer was passed, the thin annular liquid f£film became discentinuous, anﬂ
ithus, part of pipe circumference became dry. Furthermore, wall and ammonia temperatures showed
@ slow eyclic variation at vapor qualities higher than approximately BOX. |
I : :

j In Fig. 3 and 5 at the lowest mess flow rates, the interrelation between pressure drop and
flow pattern seems apparent. The slope of the curve changes markedly as £low pattern varies l
from wavy to semi-crescent. The effect of temperature 1s also marked. The pressure drop at
{30 C i3 seen to be roughly twice the pressure drop at -5 C, Dafinite conclusions regarding -
jinterrelation of heat transfer with flow pattern and evaporating temperature canmot be drawn |
because of the approximate nature of the heatr transfer data. )

&aker Correlation
|

| The best known correlation for predicting flow patterns is that by Baker (2). The parameter
used are dimensional, and hence, the various terms are defiped in the following along with o
‘their units: - l

! pg = Density of vapor, 1b/fe3 § |

py = Demsity of liquid, ib/ft3 |
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e HE W Liquid viscosity,; Cén:ipoiuc
v = Surface tension of liquid, dynes per cm

(73/9) luy (62.3/07) 311/3
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Gy ™ Mass flux of liquid phase based on total crosg-section of pipe, 1b/£t2he

|The abscissa on Baker's chart is (GIABIGh); while the oxdinate is (Gsll).

G = Mass flux of gas phase based on total eross-section of pipe, 1b/ft2hr
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i The results of the calculations according ta thia method are shown in Fig . 7. The dashed
f1ines and designatioms ia quotes are according to Baker. The firm lines and designations are |
jaccording te the author's data. Baker does not specifically define creascent, seml-crescent, or,
semi-annular regimes. Thesa must, therefore, be conaidered part of the reglon designated by |
|h1m_as annular. Allowing for some inevitable overlapping at boundries between different re- |
]gines. it is seen that the agreement is quite good. Essentially, cur data has served to pro-

vide a more derailed map of the area designated as annular in the standard Baker chart. Knowl-

Iedga of these details la of practical significance. 'Because of the large differences in ther-'

‘jmal conductivity of vapors and liquids, heat transfer rate for a partially wet surface is

}likely to be significantly lower than if the whole surface is wet. Thus, .other things being [
the same, heat transfer coefficients for the seml-annular regiue will be expected to be lower

|than in the annular regime.. . . [

I The only apparent dfscrepancy is. in the wavy regime. Nonme of our data points £all in the |
larea provided for it in Baker's. chart but instead fall on & narrow strip at the borders of
stratified, slug, and annular regimes.. Noting that the stratified, wavy, aod slug regimes I
differ only in the intensity and frequency of distrubances and that wavy and slug flows trans-—
form gradually into annular flow, the location of wavy data on the map is not surprising.

Griffith and Wallis Correlation

| _ : . _ _
| Griffith and Wallis (3) propesed & correlation which was really intended for locating the

boundries of slug regime for flow in vertical pipes. The correlation is simple and non=-
dimensional. The abacissa 1s the Froude number (Fr) given by:

|
i .
! Fr = (Q1+Qg)/A1%/g.D 1)
[wheres . . -
Q; and QS are volume flow rates of the liquid and gas phases respectively.

A is the cross-sectional area of the pipe,

I

l

i

’ D is its dlameter and

!

: The ordinate is the vapor volume fraction Ile(Q1+Qg)].

| Fig. 8 and 9 show the representation of our ammonia data witn tuls coxrelation. The variou
flow regimes are well separated and- it appears likely that this map could be used to predict
Iflow patterns im other ammonia evaporators. ’

|
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!Bzuavmn OF OIL : : l

i
|
i
|
!
;
I
|
l
!
& 1s the acceleration dye to gravity. ;
j
3

1011l was observed in the evaporator in many of the tests. The observations in the boiling and
Inon-boiling regions are discuseed separately in the following. ’

'l The effect of oil in the non-boiling region (all liquid flow) wes most pronounced inm scme
jtests carried ocut at high mass flow rates and low temperatures. Thick oil films were seen
Iiround the circumference of aight 8lagses. Sometimes the oil films were statiomary, and some- |
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]Tha abscissa on Baker'a chart is (GIABIGE), while the ordinate is (GBIX).

| The results of the calculations according to this method are shown in Fig . 7. The dashed
|1ines and designations in quotes are according to Baker. The firm lines aznd designations ave
faccording to the author's data. Baker does not specificslly define cregcent, semi-crescent, or!
semi~annular regimes. These must, theraefore, be considered part of the reglon designated by |
Ihin as aumular. Allowing for some inevitable overlapping at boundries between different re- !
|gimes,-1t is seen that the agreement ia quite good. Essentially, our data has served to pre- !

|
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vide a more detailed map of the area designated as anmular in the staudard Baker chart. EKoowl-

edga of these details ia of practical aignificance. Because of the large differences in thgr-'
imal conductivity of vapors and liquids, heat transfer rate for a partially wet surface is
ilikaly to be significantly luwer than if the whole surface is wet. Thus, other things being

the sams, heat transfer coefficients for the semi-amnular reginme will be expected to be lower
|than in the annular regime. - T

area provided for it in Baker's chart but ingtead fall on a narrow strlp at the borders of
stratified, slug, and annular regimes. Noting that the atratified, wavy, and slug regimes
differ only in the intensity and frequency of distrubances and that wavy and slug flows trans-

;
I The only apparent discrepancy is in the wavy regime, None of our data points fall in the f
form gradually into annuilar flow, the location of wavy data on the map 1s not surprising. I

!Griffith and Wallis Correlation

i Griffith and Wallls (3) proposed a correlation which was really intended for locating the
boundries of slug regime for flow in vertical plpes. The correlation i3 simple and non-
dimengional. The abscissa ia the Froude number (Fr) given by:

i
f
| : Fr = [(Q+Qg)/A]%/g.D 6V
|where: ;

. Qq and Q8 are volume flow rates of the liquid and g2s phaces respectively.

4 1s the cross-sectional area of the pipe,

g 13 the acceleration due to gravity.

|

|

!

[ D is its diameter and

I

: The ordinate is the vapor volume fractiom [QSI(Q1+QS)].

| Fig. 8 and 9 show the representation of our ammonia data wita tiils corralatiom. The variocus

flow regimes are well separated and it appears likely that this map could be used to predict
PP _

lflow patterns in other ammonia evaporators.
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1011 was observed in the evaporater in many of the tests. The observationma in the boiling and
'non-boiling reglons are discussed separately in the foliowing. ' !

| The effect of oil in the aon-boiling region (all Iiquid flow) was most proncunced in some
jtests carried out at high mass flow rates and low temperaturas, Thick oil films were seen
[:found the circumference of sight glasses. ~Sometimes the oil films were stationary, and some-

_{_

I
{Non-boiling Region : ‘ |
I
|
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' [moving oil films alse by the additional energy required to drag the oil film along.

j  Continuous o1l films were also sometimes observed at higher ammonia temperatures, but their |

1

. - - . o . ]
l'times they moved slowly. Cccasionally, the stationary oil fiims were seen to have a callular 1
| structure strikingly similar in appearance to photographs of the Benard effect in staticnary |
liquid films, e.g. Fig. 1 in Chandrashekhar's text (4). Whether or not this observation of

. Spparently cellular structure has any aignificance is unknown. No conclusions from the same |
‘are attempted. When thick, apparently solid, oil filmg were observed, single phase heat tran31
jfer coefficients were exceptionally low while the pressure drops were exceptionally high. The
; low heat transfer rate ig obvicusly caused by the thermal resistance of the oil film. BRigh
‘pressure drop is caused by the reduction in flow area cayged by oil film and In the case of

]
I
I

’ Fig. 10 shows the results of such a test in which apmonia temperature varied between =34 C

{and =26 C. Thick oil films were seen at statioms 1, 2, and 3. At the same locations, very l

jlow heat transfer coefficients and very high pressure drops were measured. After statiom 5, |

 the friction factor drops down to a little below +018, while heat transfer coefficients rise
to about -30% of the equation: - ’ :

L e = 0.1825 BeD-509 p0.4 : (2

- = —_— e

EEq(Z) was presented in Ref 1 and correlaﬁed,pﬁr data for single phase heat transfer coeffi-
iclents within + 30%. Here, Nu is the Nusselt tumber, Re is the Reynolds oumber, aod Pr iz the
Prandt] oumber, ' S ) o .

|
|
-
l

]

I

influence on heat transfer and Pressure drop was only moderate. Measured heat transfer co-
'effidients,were within -30% of Eq(2). This is explained by the fact that the viscoaity of thei
joil used decreased sharply with increasing temperature, and its set point is in the Wictinicey |
of -18 €. Thus at higher temperatures, oil cannot solidify and remains at relatively iow
lviscusity. Hence, the ofl filmg formed cannot be very. thick.

l .

1

peratures around -30 C? Part of the explanation liea in the fact that the amount of oil
|varied form test to test. . With less oil in circulation, the chances of film formation are
;less, Purthermore, as long as the oil and ammonia are well mixed and in rapid motion, the |
!properties of the mixture will be the weighted mean of the properties of the components, and
toil will pot freeze out of the mixture easily. However, 1f oil once freezes on the surface of]
ithe pipe due to some chance circumstance, it will not normally be brought back into circulation
funless heated co above irs set point.

f 4 question that may now be raised is why thick oil.films were not always obéervéd at tem— I

jmeasured heat transfer coefficients were much lower than the predicitions of the Dittus-
Boelter equation. They instead satisfied Eq(2) to within + 302, If it 15 assumed that a thin
foil £ilm exists arcund the pipe circumference, its thickness can be calculated:

] The other important problem to be faced is that even when no oil films were observed, |
|

1 1 1

|
i = -

|

1,1 ' _ :
| by k/8 by (3 |
where: ] |
i hm is the measured heat transfer coefficient, i
| .
| hj is the heat transfer coefficien; claculated by the Dittus-Boelter equation: !
t Nu = 0.023 Re®.8 p0.4 _ (4) |
’Fur:her: ' . . |
| K 13 the thermal conductivity of oil and I
: § is the thickness of oil £1lm. I
Estimating by Eq(2), the mean thickness of oil film wasg calculated and the results were
’ I
Ishown in Fig. 6 of Re: 1. The resuits may also be represented by:
i ' §/D = .028/Re-23 _ ' (5) ]
hwhere: f
i ¢ 18 the o1l film thickness |

L _ _Re.i&;thﬂ‘BEIROldB_Huwhen_of_ammonia.liqnid_ ________________
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I tines they moved slowly. Occasionally, the atationary oil films were aeen to have a cellular 1
| structure strilkingly similar in dppearance to photographs of the Benard effect in astaticnary [
liquid £ilms, e.g. Fig. 1 in Chandrashekhar's text (4). Whether or not this observation of

, 4pparently cellular structure has any significance i{s ucknown. No conclugions from the game |
‘are attempted. When thick, apparently solid, oil films were observed, eingle phase heat trans
jfer coefficients were exceptionally low while the pPressure drops were exceptionally high. - The
;low heat transfer rate ig obviously caused by the thermal resistance of the oil film. High
'pressure drop is caused by the reduction in flow area caused by oil film and in the case of
|moving oil films also by the additicnal energy required to drag the oil film along.

|
|
!
!

' Fig. 10 shows the resuits of such a test in which ammonis temperature varied between ~34 C
land -26 €. Thick oll films were seen at stations 1, 2, and 3. At the same locations, very l
11ow heat transfer coefficients and very high pressure drops were measured. After statiom 5, |

‘the friction factor drops down to a little below 018, while heat transfer coefficients rise
| to about ~30X of the equation: : ” : I
, . . [

l— — — . Buzo0.625 0509 004 S ¢)

{Bq(2) was presented in Ref 1 and correlated our data for single phase heat transfer coeffi~ |
;elents within + 30X. Here, Nu i3 the Nuaselt number, Re 1a the Reynolds number, and Pr is the
Prandtl number, ) L - : I

i Continuous oil films were also sometimes ohserved at higher ammonia temperatures, but their |
influence on heat transfer and pressure drop was ooly moderate. Measured heat transfer co-

iefficients were within -30% of Eq(2). This is explained by the fact that the viscosity of thel

[oil used decreased sharply with increasing temperature, and its set point i3 in the Wicinity |

jof =18 C. Thus at higher temperatures, oil cannot 80lidify and remsins at relatively low

lviscosity. Hence, the oil filme formed cannot be very.thick.

; .

—

|
]
I A question that may now be raised is why thick ofl films were not always cbeerved at tem- ,
peratures around -30 C? Part of the explanation lies in the fact that the amount of oil l
ivaried form test to test. With less oil in circulation, the chances of film formation are
jless. Furthermore, as long as the oil and ammonia are well mixed and in rapid motion, the |
'proPerties of the mixture will be the weighted mean of the properties of the components, and
toil will not freeze out of the mixture easily. However, if oil once freezes on the surface off
ithe pipe due to some chance circumstance, it will not normally be brought back into circulation
iunless heated to above its set point. !

i The other important problem to be faced is that even when no oil films were observed, |
|peasured heat transfer coefficients were much lower than the predicitions of the Dittus- |
Boelter equation, They instead satisfied Eq(2) to within F 30X, If it is assumed that a thin

{01l film exists around the pipe circumference, its thickness can be caleulated: ]

: 1 1.1

A T . l
by ~ k/& By 3 |
f
where: }
I hn 13 the measured heat transfer coefficient, |
|
[ b; is the heat transfer coefficient claculated by the Dittus-Boelter equation: ,
} Nu = 0.023 Re0.8 pr0-4 @ |
]Further: . |
| X is the thermal conductivity of oil and : l
: § is the thickness of oil film. ,
|Estimating hm by Eq(2), the mean thicknesas of oil £ilm wns-calculated and the results were 1
ishown in Fig. 6 of Ref 1. The results may also be represented by:
| &/D = .028/Re-23 (5) 1
fwhere: !
| ¢ is the 01l film thicknesgs ) . f
R -Re1a the Reynolds Number of ammonda Meuid. _ . . __ _ . _ _ _ _ _ _ _ __ _ I
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D is the diameter of pipe ’ 1
In the range of experimentation, Eq(5) yields oil-film thicknesses from .04 ma to .11 mm. |

escaped observationo. Thus, the hypotheaia that thin insulating oil filma are formed in !
1ammnnia evaporators must be considered as quite likely to ba true though they must await final
confirmation through appropriately conducted experiments. Pelief in such a hypotheais has, |
however, been expressed by some suthors. As an example, Handbuch Der Kiltetechnikk (5) com-
pares the heat transfer data for oll~free snd oil containing evaporators. Tha heat transfer
coefficients for oil containing evaporators are noted to be lower, and it 1s suggested that
!this ia caused by formatiom of oil films on heat transfer surface.

} It is of interest to study the results obtalned durlng am analogous test program conducted
by R. Grpgnnerud on the sams test apparatus but using R-12 (8). Analysis of his single phase
[heast transfer data showed good argeement with the predictions of the Dittus-Boelter equatiocn.
| #ith R-12, being completely miscible with oil, no insulating oil films are to be expected.
iThin agreement provides reassurance as to the reliability of the test apparatus and thus in
The PE1146T1it¥ 5Ff thE PesGlts obtained Wlth atmonia as the test fimxrds. —— T

lBoiling Region

| In the boiling regiom, the thick oil films completely surrounding the pipe circumference
were mever seen. Gemerally, at the inception of boiling, a small amount of oll was noticed to
be flowing slowly at the bottom of the pipe. As the vapor gquality increased, oil tended to

| e11mh up the walls of the pipe as a thin film. Thus, as ammonia liquid formed am amnular

| pattern, o0il tended to form s semi-ennular pattern. Oil film climbing to as much as 2/3 of
lthe tube diameter was sometimes cbserved. ‘

] It is likely that very thim, 1nv1§1ble oll films also exist in the boiling regiom. How—
Ieve:, cur boiling heat transfer data are not accurate enough to permit any reliable estimates
of tha thickness of these alleged oil films.

iEFFBCT OF OIL ON MEAN HEAT TRANSFER COEFFICIENTS

| An idea of the effect of variations in oil content cen be obtained from Fig. 11, which shows
| the average heat transfer coefficients for the whole evaporator (including boiling as well as
non-boiling lengths) as functions of mass flow rate; heat flux is constant at 2000 keal/m2hr
!and coil exit temperatures vary between =5 and -30 C. The mean heat transfer coefficients

| were calculated by numerically integrating the measured local heat tranafer coefficients.
Iwhen 1ittle or no oil wea observed in sight glasses, oll content was considered to be normal.
When substantial amounts of oil were cbaserved, oil content was considered to be heavy.

| Fig. 11 indicates that heat trangfer coefficients for conditions of heavy oll concentra=-
tion are about 30% lower than those for normal oil content. This suggesis that the heat

transfer performance of an ammonis evaporator can vary conslderably depending on the effec~
| tiveness of the oll separator, the frequency of oil drainage, ete. :

! Some light is also thrown by Fig. 1l on the effect of evaporating temperature. At the
lowest flow rates, the mean heat transfer coefficient seems to increase with decreasing
temperatura. Thia may be partly explained by greater pipe wetting observed at lower evap-—
orating temperature when maas-flow rates are low. At higher £low rates, the evaporating

| temperature does mot appear to have any marked effect. Part of the explanation lies in the

iohservation that surface wetting is complete at high mass flow rates at all avaporating
temperatures. :

Use of Fig. 11 for design purposes is by no meana suggested. Calculations of local heat
Itransfer coefficienta over short elements of length provide the only reliable way to properly
| evaluate the effect of various significant variables.

! VIBRATIONS AND PRESSURE PULSATIONS

lPressures and pressure dropd, as observed on the manometers, often fluctuate. The fluctua-
tions were most intense and rapid in the slug flow regime. No measurements of fregquency or
| intensity of fluctuations were done. The means of the fluctuating pressures and pressure
ldrops were noted by judgment alome. Subsequent plotting of these measurad pressure draps om
Igraphs indicated that the judgment regarding the observed mean had generally been good.

As the oil used was almost colorless, it ia quite possible that thin oil films might have I

i ;,,';ﬂﬂn{-t .




D is the diameter of pipe

In the Tamge of experimentation, Eq(5) yields oil film thicknesses from .04 mm to .11 mm.
‘As the oil used was almoet colorless, it is quite possible that thin 0il filme might have
escaped cbeervation. Thus,. the hypothesis that thin insulating oil films are formed ia
‘ammbnia evaporators muat be considered as quite likely to be true though they must await final

confirmation through appropriately conducted experiments. Beiief in such a hypothesis has,

however, been expressed by some authors. As an example, Handbuck Der Kdltetechnikk (5) com-
pares the heat transfer data for oil-free and oil containing evaporators. The heat transier
coefficients for oil containing evaporators are poted to be lower, and it is suggested that

l:his is caused by formation of oil f£ilms on heat transfer surface. : :

It 1s of interest to study the results obtained during an analdgous test program conducted
i
by B. Grpnnerud on the same test apparatus but using R-12 (8). Analysis of his single phase
| heat transfer data showed good argeement with the predictions of the Dittus-Boelter equation.
| With R=-i2, being completely migcible with oil, ne insulating cil films are to be expected.
IThis agraement provides reasgsurance as to tha yeliability of the test apparatus and thus ia
The ¥81is5T11it7 Of tHE tesilts obtained With ammonia as the test flgrds —— T

IBoiling Region

! In the boiling region, the thick oil films completely surrounding the pipe clrcumference
were never seem. GCenerally, at the inception of boiling, a small amount of oll was noticed t
be flowing slowly at the bottom of the pipe. As the vapor quality increased, oil tended to
iclimb up the walls of the pipe as a thin film. Thus, as ammonia liquid formed an anmnylar .

| pattern, oil tended to form a gemi-annular pattern. Oil film climbing to as much as 2/3 of
itha tube diameter was scmetimes observed. )

[}

{ It is likely that very thinm, 1nvi§1bla oil films also exist in the boiling region. How-
lever, our boiling heat transfer data ars not accurate encugh to permit any reliable estimates
of the thickness of these alleged oil filma.

iE?FECT OF OIL ON MEAN HPAT TRANSFER COEFFICIENTS

1An idea of the effect of variatioms. in oil coutent cen be obtained from Fig. 11, which shows
| the average heat transfer coefficients for the whale evaporator (including boiling as well as
Inon—boiling lengths) as functioma of masa flow rate; heat flux is constant at 2000 keal/mZhr
and coll exit temperatures vary between -3 and -30 C. The mean heat transfer coefficlents

| were calculated by numerically integrating the measured local heat transfar coefficients.
iWhen 1ittle or no oil was obgerved in sight glasses, oll content was considered to be normal.

When substantizl amounts of oil were obaerved, oll content was considered to be heavy.

Fig. 11 indicates that heat transfer coefficients for conditions of heavy oil concentra-
| p10n are about 30% lower than those for normal oil content. This suggests that the heat
transfer performance of an ammonla evaporator caa vary considerably depending ou the effec~
| tiveness of the oil separator, the frequency of oil drainage, etc. .

I Some light is also thrown by Fig. 1l on the effect of evaporating temperature. At the
lowest £low rates, the mean heat tranasfer coefficlent seems to increase with decreasing
temperature. This may be partly explained by greater plpe wetting observed at lower evap-

|ora:ing temperature when maes-flow rates are low. At higher flow rates, the evaporating

| temperature does not appesr to have any marked effect. Part of the explanation lies in the

i_o!:»se:‘va!.::l‘.::m that surface wetting is complete at high mass flow rates at all evaporating
temperatures. :

l " Use of Fig. 11 for design purposes is by no means suggested. Calculations of local heat
]t:anafe: coafficients over short elements of length provide the only reliable way to properly
| evaluate the effect of various significant variables.

lVIBRAIIDNS AND PRESSURE PULSATICNS

I

i?ressures and pressure drops, as observed on the manometers, often fluctuate. The fluctua-
tions were most intemse and rapid in the slug flow regime. No messurements of fregquency or
| intenaity of fluctuations were done. The means of the fluctuating pressures and preasure
drops were moted by judgment alone. Subsequent plotting of these measurad pressure drops on
raphs indicated that the judgment regarding the observed mean had generally been good.
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! In most tests, the evaporator vibrated to some extent. In some tests, the vibrations were
)80 intense that the whole evaporator shook viclently. These vibrations are believed to have
;been caused by the pulsations during wavy and slug flow,

" CONCLUDING REMARKS
!

; The main objective of this paper was to describe the visual observations made during the
;deacribed tests to provide an understanding of the physical phenomena occuring in the evap-
| orator and to furnish the uscessury background against which the quantitative results and
 correlations presented in the earlier paper (1) could be interprected., Thias being the only

R
|
|

!

+
¥

visual study on ammonia evaporators reported until now, it is hoped that this adds some useful;

{ information.
: \

; Several methods for calculating heat transfer and pPressure drop require the knowledge of
| £low patterns, For this purpose, Fig. 7 to 9 are useful. As the Baker correlation has been
{found to be successful for a wide variety of fluids and flow conditioms, Fig. 7 can be re~
| commended for predicting flow patterms with much confidence. The use of Fig. 8 and 9 should

.be made with caution, as the Griffith and Wallis correlation has not been verified for a wide

{variety of data.

! The basic shortcoming of cur tests has been the absence of control and measurement of oil
lcontent. While it can be inferred from the data with much confidence that oil affecta the
iheat transfer and pressure drop profoundly, it is difficult to reach definite, reliable con-
;clusions regarding its quantiative effects. However, it is felt that Eq(2) and Eq{(5) give
‘reasonable estimates for single phase heat transfer coefficient and o0il film thickness
jrespectively.

i Most reports of research efforts end'by noting the need for more resesrch and this one is

ino exception. However, in view of the considerable difficulties in experimenting with ammonia

jand the long held belief that extinction of ammonia systems is near at hand, further experi-
‘mental efforts do not seem very likely. As ammonia evaporators nevertheless persist, so does
'the need for pertinent informatiom. To ease the situation, the author has tabulated and.
,compiled some of his basic data into a booklet and would gladly send it to any interested
iperson or institution. ’

i
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i In most tests, the evaporator vibrated to some extent. In some tests, the vibrations were
180 intense that the whole evaporator shook violently, These vibrations are believed to have
been caused by the pulsations during wavy and slug flow,

e eed

' CONCLUDING REMARKS

fThe main objective of this paper was to describe the visual observations made during the

'described tests to provide am understanding of the physical phencmena cccuring in the evap-
jorator and to furnish the uecessary background against which the quantitative results and
correlations presented in the earlier paper (1) could be interpreted. - This being the only !
'vigual study on ammonia evaporators reported until now, it is hoped that this adds some useful .
i information. ’ : : ’ !

!
y i

: Several methods for calculating heat transfer and pressure drop require the knowledge of }

| flow patterns., For this purpose, Fig. 7 to 9 are useful. As the Baker correlation has been I .

!found to be successful for a wide variety of fluids and flow.conditioms, Fig. 7 can be re- i

i commended for predicting flow patterns with much confidence. The use of Fig. 8 and 9 ghould !

.be madé with caution; as the GriFfith and Walils corzelation Has mot been verified for a wide |

{variety of data.
! The basic shortcoming of our tests has been the absence of control and measurement of oil
!content. While it can be inferred £rom the data with much confidence that oil affects the
}heat transfer and pressure drop profoundly, it is difficult to reach definite, reliable con-
; clusions regarding its quantiative effects. However, it is felt that Eq(2) and Eq(5) give

' reasonable estimates for single phase heat transfer coefficient and oil £ilm thickness

j respectively. : B '

I
f
! Most reports of research efforts end by noting the need for more research and this ope is !
ino exception. However, in view. of the considerable difficulties in experimenting with ammanial
i

|

|

i

|

|

jand the long held bellef that extinction of ammonia systems is near at hand, further experi-

‘mental efforts do not seem very likely. As ammonia evaporators nevertheless persist, so does

' the need for pertinent informatiom. To ease the situation, the author has tabulated and-

] .compiled some of his basic data into a booklet and would gladiy send it to any interested

j ‘person or institution. T
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