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KADSTRACT

e re=crt oresents the resnlts 2® an Snvestieation

on v £ af emder in pon-vetied teflan tribes. Three

$aflon 4-bas of nomine) dametrrs 3/e™, 3/4% end 1 1/4"
were 186d. ™e. pressure drop acrnss a sertain length of
gneh vas fomd and 4the frictidn factor calenlated at
AifParent oW rates. Upon comparing the friction factors
ohtained in-this tnvestigation with~jﬂbliahed data for

gmoot weited thes nt the SAme‘Reynwlds.numbﬁrs, it -ms

fomd that ths “rictism factors in *he onse of non-wetted

fubes were iher than thosa of wetted tubes. The values
anproached thosr of wettnd Luheg ns the dieriater became
larcer. Tae hich vﬁluﬁe Af frigtion fectors 'mder non=

wotted conditi.me were ottributed to the entrzinment of

gir butbles in the 1iguid gtreem which tend 1o ‘increase

the roughnese of the tube and reduce 1+g effective (diameter.

Ln eff%rt wes maie o explein‘snmp of.tha'anomélies

f ound in~h¢ﬁt-tr?nsféerrom-mnltenlmetels wder yetting

and non-wettinc conditions using some of tne observations

noted atoves
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INTRODUCTION
Development and Purpose of Investigation

During the past decads, chemical engineering research

workers found a comparatively new line of interest. Non-
wetted surfaces have atiracted their attentions primarily
in the field of drop-wise condensation and more recently
in the field of heat transfer to molten metals.

. This project wes originally ooncerned with drop-wise
condensation. It was thought that an exploratory study of
£1uid flow might reveal a difference between the character—
iatios of flow in wetted and non-wetted tubes.
Water-teflon system wos chosen for this investigation
pecause of the following reasons 1

1. The expense of materials required for the construct~

{on of such a system is much less than e sysiem for

molten metals or mercurye

2. Basiness of construetion and handling.
3, Water hardly wets teflon since the contact angle
betwoen the two is 108°.(Ref. 3 )
It wae desired to ocompare the Fanning friction factors
obtained by pressure dr;p meagurements aorose the nom-
wetted teflon tube with the published data on'friction

factors at the same Reynolds numbers for wetted metallic

and gleass tubeso
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THEORET ICAL BACKGROUND

A greet deal of theoretical and experimental work
has been devoted to the flow of fluids in pipes. Yet, it
soems that most of this work has been cenfined to the flow
of fluids which wet the walls of the carrying pive.

The equations governing the flow of wetting liquids
in eircular pipes have been well established. A fluid
moving at a sufficiently small Reynolds number such that
it flows in paths parallel to the walls of the tube 1is
ssid to be in laminar motiom. Hagen and Poiseuille

developed the following equation for laminar flow:

r_ 16
Re .
vhere f_ TP g;DSAP (Fanning friction
32 L w? factor)
Re . VDA (Reynolds dimension-
Il lese nurber)

/O:density of fluid.
g = conversion factor.
D =diameter of the pipe.
AP = nrezzure £r)7 across the nine.
L -npine length.
w =weight flow rate.
V =1lineer velncity,
| /u = the viscosity of the fluid.

At higher Reﬁolds pumbers, where the fluid flows in

an irregular mnner. in the tuﬁo, the Hagen - Poiseuille




equation vas found not 1o soply. Several authors collected
all published experimental data for the turbulent region
and thus develined equations relating f and Re.

f: .00140+ .1”§ sesec e KOO (Refn 6)
-Re-n

7;==;4.0 logwRe/f_ =« 0440 eess von Karman (Ref.12)
f

The eerly work done on fluids non-wetting the sides
" the tube was conducted primarily 1o study the theory
 glip and for viscosity determinationse

Poiseuille (Ref. 2 ) studied the [low of mercury ‘in
cgpillary'tubcs. Ha fyund thet the rate of flow ol mercury
dcpended: on the diamotier of the fube, vhile for waler and
ether the flov varied es the square of the dinmetars Me
also nbtiﬁcd that to detc for mercury vas gcatiered and
irregular end he attributed that to non-wetting and to the
nossible soparation between the mercury and glass tube by
a layer of entrained air or foreign liquid.

Warburg (Kef. 13 ) end Whetnam (Refs 14 ) could not
detect any slip of water on gilvered glass or'mercury on
glass respectively. .

Jul Hartmann (Ref. 5 ) conducted experiments in
order to compare the flow of water and mercury flowing
in steel and glass tubes. e obtained hiéher friotion
factors for mercu;y_at high Reynolds numbers ()>30009);

Hie data was more scattered for mercury than water, and




these effects were more pronounced in tubes of smaller
diameters. ‘e found also thet the mercury values became

less scettered and approached the normal values when the

tubes were cleancd, polished cnd smoothed. He gave the
following explenation for theee irregularities:

"I hold the ooinim that this is due to the mercury
not wetting the wall of the tube. On aeccount of this
property the flow in the neighbourhood of the wall will,
undoubtedly, largely derend on the adhesion to the wall,
and seid adhesion is certeinly a poorly dofined quality,
umless particular and well-nigh impracticable nrecautions
are taken. The want of definiteness of the flov with
percury is well known to me from numerous experlients
with jet=holes of verious ghapes.”

The most recent work on glip wes conduoted by Tolstol
(Ref.10 ) who did some tneoretical and experimental (Ref. 11)
gtucies on the flow of mercury in very thin glvss capillariese
Heifound'that_slip ¢could te considerable in very thin tubes
however, for practicel purposcs, slip could b neglected,
shich is in agreement with Goldstein's eonclusions. (Refe & )o

During the past few yoars, eonsiderable work has been
dowe on heat transfer to wolien metals. 5tudies under wetting
end non-wetting sonditions revealed great irresularities
between the results of different workers. A pon-wetted
surface was found 10 offer a greater resistance to heat
transfer (and a greater oloctrical resistance) than a

wéticd surface. The three theories offered to explain these

facts wers presented and discussed by Messrs. Maodonald

and Quittenton (kefs 7 ) however they will be sumnerised




belows
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The surfacs gas and axidas film thaory: in which a

very thin layer of chemiserbed end adsorbed gas

layers are formed on the gurface as well as a possible
metal oxide layer, all of which contribute towards
increasing heat tranefer resistance. Maedonald and
Quittenton discarded this theory because the required
thickness ef such layers wes beyond general expectation.
The gas entrainment theorv: It was found by several
investigaters that the presence of small quantities

of entrained gas in the liquid metal increased the
rosistance to heat transfer. laedonald and Quittentoen
pdopted this theory as the best possible explangtion
gtating further that:

*The preeencé-of gmall amounts of gas bubbles in
the common heet transfer liquids such as water does not
ordinarily affect their neat transfer properties in
turbulent flow to any great extent, since sueh liquids

depend wholly on convective or eddy transfer of heate.

In metallic liquids however, & pignificant portion of
the heat transferred by both electron and mdrleoular
conduction, which would be inhibited by intervening

gas bubbles.”

The logal dotachment tneory: In their recent work at the

Univeraity of Tennessee, Stromquist and his sssociates
(Rofs. 9 &1 ) found that the erratic heat transfer

data sometimes observed in non-wetted systems was due to

random loocal detachments of the liquid from the tube wall.
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They also found that these detachmenis were & funetion
of the pressure head within the fluid. In a more recent
report, hovever, Boarts et al (Refs 2 ) showed that
these detachments were actually due to entrained gase

14 was also found that mercury had the ability of
entraining large amounts of air especially when svlashing
or a vortex ocours in the merewry reservoir.

The last two theories ere of particular imnortance in
this investigation. Although the theories of entreined ges
and local detachment were forvarded primarily to exnlain
the irregularities in heat trensfer to mon-wetting molien
metals, they could also be applisd to other fluids whioh
do not wet the wall ef the conducting pine. It could be
casily seen that if such bubbles are present in the fluid,
the bubbles will try to float by the foree of buoyaney. If
the fluid is meving st & guffioiently low flow rate, tie
bubbles will tend to float tvemrde Sho upper surfaee of the
tube and will aday there until the driving force of the
moving liquid overcomos the friction force between the
bubbles and the surface. The presence of these bubbles mot
only will hinder the flow because of increased roughness,

but will also reduce the of fective diameter of the tube. -

iy T

i
1
§
1
¢
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DESCRIPTION OF APPARATUS

A diagram of the flow syetem is shown in Figurel.

The apparatus used in this ivestigation consisted
of an elevated reserveir which received water from a
ground reservoir by means of a pump. The over-head tank
was allowed to maintain a constent head of about 15 ft.
‘by means of an overflow pipe. "ater was allowed to flow
down from the over-head roservoir through the tested
tubes This_coneistéd of two parts: a calming sestion
of 50 diameters length and the test scctione A gate
valve placed at the outlat of the test section was used
to regulate the flow, which in turn wns neasured by
a Fisher and Porter rotameter. The arrangement as shown

in Figure (1) insured thet the water filled the tested

tube.

A water-over-carbon tetrachloride manometer was

attached to the pressure taps. The pressure taps are
ghown with tue bleeding .setup {n Figure (2) .
In drilling pressure tap holes through the tested

tubes, cars was taken $o remove drill shavings and dents

inside the tube to prevent any undue turbulence.

W%
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Fignre 2. Pres:'re taps and blec'ing
gatn,
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T4BIE I
DIMENSIONS OF TUBES
( A1l lengths in inches )

1 1 Il W
Material eeesesessss Teflon Teflon Teflon Copper
Total length eeesese 71 2 9% 85
Calming length eeeee 20 34 60 30
Teptod length eseese 48 32 30 48
hetuml TeDe evvevsce 0,372 0.721 1.228 0.522
Nominal IsDe eoeeces 3/8 ! 3/ 1 1/a" wnx
Nominal OeDe «cevoss 1/2 1 1 11/16 **

Actae | 0.0 - 0.516 J632 1723

: f liote: Teflon tubes were obtained from Ethylene Corp.
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CALIBRATION OF INSTRWENTS

The rotameter used in this axperiment to measure
the flow rate wre calibrated with two home-mace floate.
4 calibration ohart is shown in Figure 7
The temperature of water was measured from time
to time and vme found to be about 259C and was practically

corstant during t7e rimse

Fet XK R Fe K
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EXPERIMENTAL PROCEDURE

Th? overhead reservoir was first filled with water
and allowed to overflow in order to maintain a constant
head of ebout 15 fte of water. Water was then allowed
to.flow throuth the tested tube by npening the gete valve
£ the desired flow rate. After bleeding the manometer taps

the manometer and rotameter readings were recordede This

procedurs was used for tubes I, II and :V. However inm the
cns; of the large tubs, the flow was not high enough to
obtain any readings on the manometer. The tube was then
connected directly to the main oity water line and the flow
wes regulated with a valve at the inlet because the pressure

wes very high and in some instants broke the teflon-iron pipe

connactions. The city line vas also used to obtain high

flow rates on tube II.
At certain pointe of the experiments, the gate valve
in the appdratus was transferred to the inlet of the tested
tube, thus reducing tue vead to about 3 ft. whiéh is the
height of the attached rotameter and its connections.
In all cases, readings were taken at random. The

qxperimental date is listed in the appendix in the same

order it was taken and the calculdted results are listed

correspondingly.

The tubes were cleaned from time to time.

s



TABLE I

CALCULATED RESULTS

The following are the calsulated values for the

Reynolds number and the frictisn factor with tae correspond-

ing valﬂes of flow rate and pressure drop in inches of

carbon tetrachloride under water, for the teflon tube of

3/8" nominal I.D.

Flow rate
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2463

Pressure drop Reynolds No.
in inches
22435 - 11180
20,19 10500
17.45 9700
14,40 8600
13.92 6550
13.22 8200
11.02 7400
9,55 6720
7.65 6000
5.92 5130
4,47 4500
21.70 10800
17,58 10000
16,05 9350
14,15 8600
12.08 7800
10.28 7120
8425 6260
6.71 5520
5¢35 4850
3,23 2550
2,77 3380
4,10 4380
5.98 5250
9,28 6780
13.11 8250
17,19 9700
22425 11180
22.35 11230
24,36 11800
1.50 2642
2422 3000
2476 3450

Friction
factar
.0114
. 0116
«0118
.0123
.0121
.0123
<0127
«0134
«0135
«0142
.0139
.0114
0117
.0116
.0121
«0125
.0128
.0133
.0139
.0145
.0154
. 0153
»0145
.0138
.0128
0122
«0116
0113
0112
.0108
.0136
» 0157
+0146




TABIE IT (Contd.)

Flow rate Pressure drop Reynolds Friction
i in lnches prmber factor
3.6 3.75 4100 «0141
4,2 509 4790 «0140
4,85 663 5530 +0137
5¢6 8.29 6380 .0129
6625 o 10,15 712C «0126
685 12.10 7800 0125
7.55 14,19 8600 0121
8.20 16.46 9350 0119
8485 19,03 10100 ,0119
9,5 21.33 10800 .0115
1042 23,90 11600 0113
10.4 24456 11850 .0110
1.25 W61 1425 .0190
1.63 .82 1850 <0152
2.0 1.00 2980 .0122
2443 1.60 2760 .0132
2.63 2.20 3000 <0156
362 3.20 3650 .0152
4.6 6405 5250 .0139
4.6 5493 5250 .0137
3485 4,50 4390 »0148
3.25 3.33 3700 « 0154
2463 2.18 3000 «0155
1.98 1.02 2260 0127
1.25 «60 1425 .0188
1.77 .88 2020 »0137
1,55 74 1770 0151
242 1.1° 2510 .0120
2495 1.95 2910 0147
8455 17.48 9750 .0116
1.25 o 54 1425 .0168
1.91 1.05 21R0 .0140
2463 2.20 3000 .0156
3.9 4,58 4450 »0146
5¢2 765 5930 .0138
5425 7.75 5990 . 0137
“ 665 11.65 7580 .0128
8.0 15.89 9100 0121
9425 20462 10550 .0118
9.8 23.21 11180 .0118
9,9

23458 11350 «0116

IR




Flow rate
Lha/min.
2454
3.18
3485
4,50
5¢35
6435
7455
9.20
9,80
1,70
1.32
2432
270
250
8485
5.30
9455
3.10

TABLE II A

Pressure drop
—dn _inches
1.91
3.15
4455
569
7.81
10,51
13,76
19.85
22445

«90
.68
1.40
2426
1.90
19,04
7.90
22428
3.10

CALCULATED RESULTS

Reynolds

2920
3650
4410
5150
6150
7280
8650
10500
11200
1950
1510
2660
3100
2870
10100
6080
10900
3550

The following are the calculated values for the
‘Reynolds number and the friction factor for the teflon

tube of 3/8" nominal I.D. with the gate valve st the inlet.

Friction
factor
«0145
00152
«0150
« 0137
«0133
« 0127
.0118
0115
0114
«0152
.0191
.0127
.0158
« 0149
«0119
» 0137
.0119
.0158
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Figure 3.

2 3 4 5 6 ]3 g 910
Reynolds number X 10

Friction factor Va. Reynnlds number for the
teflon tube of nominal 3/6" 1.D.

legend: ¢ with valve at outlet.

o with valve at inlet.




TABLE III

CALCULATED RESULTS

The following are the calculated values of the
Reynolds number and the friction factor for the teflon
tube of 3/4" nominal I.D. with the gate valve at the

outlet of the tube.

Flow rate Pressure dron Reynolds Friction
]b,/gin. in inches number factor .
5.3 .18 3600 .0130
12.85 .89 7500 .0110
9.1 «91 5320 «0125
Ted 032 4275 . 0122
13.5 «99 7900 L0111
17.3 1.36 10100 «0U92
15.75 1.18 9200 « 0097
11.35 «78 66950 .0123
8435 . 43 4900 «0125
13.1 <91 7670 .0108
4.8 .19 2820 « 0167
12,75 .88 7470 0110
9.0 «50 5270 «0125
16425 1.30 9500 »0100
16.55 1.33 9700 «0099
6.0 024 3520 .0135
17425 1.49 10100 .0102
11.2 o715 6550 .0121
3.9 .12 2290 .0160
10.85 .60 6350 ,0104
15425 1.22 8920 «0106
Ba2 o42 4800 « 0127

. 14475 l.11 €050 .0104
11.3 o711 6620 .0113
8e25 42 4850 0125
4,65 o16 273C .0151
1042 e 29 5970 #0115
5665 A 3310 .0146
18. 1.77 10500 0111
17.4 1.58 10200 . 0107
16675 1.40 9800 «0102
1640 1.30 9360 « 0104
1545 1.24 9080 «0105
15.1 1.18 8850 . 40105

1443 1.10 8380 «0109



TLBIE III (Contds)

! Flow rate Presgure Arop Reynolde Friction
_lb_.[min,. in inches nynber foctor
M 13.25 .93 7760 0113
! 11,85 .80 7000 0114
’ 10.0 58 5850 0120
846 42 5050 0116
7.5 032 4400 0116
65 024 3800 L0116
5,25 .10 3080 0138
4,85 20 2840 0173
5.8 o248 3400 JU145
7.3 .34 4275 L0120
7.95 40 4650 L0129
9,25 .50 5410 .0119
10.45 .67 6110 L0112
12.15 .80 7110 L0111
12.6 1.9 7950 0111
1545 1.29 9050 0102
17.3 1442 10100 . 0096
1643 1.32 9550 +0101
15.5 1.22 9130 .0102
13.4 .93 7840 L0111
11.8 .78 6910 .0114
10,55 62 6160 0114
L 845 W40 4970 0113
7,75 035 4540 0122
. 5,85 22 3430 0131
: 1C.2 .62 5980 .0121
o 11445 .79 6700 0122
g 12.5 .91 7350 .0119
' 14.0 1.09 8200 0113
15425 1.28 9200 . 0105
16475 1.41 9800 0102
17.15 1.49 10000 . 0103
17.85 1.74 10450 0111
16.0 1.28 9350 0102
13.95 1.06 8150 .0111
12.75 «97 7460 0121
; 10,75 3 6280 0128
; 945 .59 5560 .0133
: 748 42 4570 . 0140
: 6025 30 3660 0156
5¢2 e22 3040 0166
11.5 +80 6720 0123
17,05 1.44 9950 ,0101

7.2 .36 4210 <0141
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TLBLE III (Contd.)

Flow rate Pressurs drop Reynolds Friction
! 1ha/min. in inches pumber factor

9425 052 5410 0124
11.5 W75 6720 0115
14,8 1.14 £650 0106
17,55 1,56 10300 .0103
20,25 2,00 11900 . 0059
2241 2,34 12950 . 0097

6475 .30 3960 ,0134
19,8 1.90 11600 .0098
9,25 .52 5410 .0130
19.5 1.82 11420 . 0097
10,75 .60 6300 0171
1249 .91 7540 0111
1944 1.53 11400 .0101
17,1 1.44 10000 .C100
14.8 1.11 8650 .C102
2346 2466 13880 .C101
843 .40 2850 0118
11.8 78 6890 0114
2345 9452 13750 .C093
742 .32 4230 .0125
| 1445 1.10 8550 .4 0105
: 18,55 1.70 10880 .0101
1342 .99 7620 0116
15.5 1,24 9050 .C105
1249 .02 7000 .C116
19.2 1.75 - 11200 . 0097
1549 1.28 9300 .C102
1042 .66 8960 0120
21,75 2420 12720 . 0094
23,8 9,60 13940 . 0093
1043 1,77 11310 . 0097
2347 9,58 13900 . 0093

*H*H*****m
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Flow rate

6540
81.0
73.0
61.0
5640
51.0
44.0
39.2
3645
32.0
4640

CALOUIATED RESULTS

1ine with & gate valve at the inlet.

Pressure drop

ke /mins —Ja inghes Jumber

17.02
23.37
19.95
14.48
12.15
10.26
8410
6413
6.09
4.50
8478

TABIE III A

The following are the calculated values of the

Reynolds

38100
47500
42800
35700
32800
29900
25800
23000
21400
18750
27000

Koynolds number and friction factor for the teflon tube

of 3/4" nominal I.D. at high flow rates using oity water

Friction
factor
.00818
00724
.00760
«00790
« 00785
»00800
« 00850
.00810
. 00927
» 00890
« 00842



TABIE III B
CALCULATED RESULTS
The following are the calculated values of the

Reynolds number and friction factor for the teflon tube

of 3/4" nominal I,D. when the gate valve was moved to

the inlet of the tube thus reducing the head o app.3 ft.
It should be noted that the menometer was unsteadye

Flow rate Pressure drop Reynolds Friction
number factor
14.75 1,31 8650 .0122
15.6 1.44 9150 .0120
11.9 «99 6970 .0142
13.6 1.40 7950 . 0154
7.75 e 52 4550 0176
8.9 64 5210 «0164
10.8 84 6330 « 0146
1.02 7100 .0141
«55 4630 . 0179
<38 4150 «0153
26 3080 .0192
2.76 11800 . 0137
2436 10200 . 0158
1.57 9500 0121
1.71 8940 «0149
1.36. 8640 »0127
1.46 8110 0154
1.38 7540 . 0170
1.13 7500 .0140
1245 1.22 7300 . 0160
1145 «96 6750 .0147
10.0 o719 5860 .0160
9.85 75 5760 « 0157
8.4 «52 4930 «0150
648 oAl 3980 .0180
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Reynnlds n'mber X 107°

Figure 4. Friction factor vs. Reynolds number for the teflon
4ube of nominal 3/4" I.De

Legend: —e— with valve at outlet using apparatus.
——o—with valve at {nlet using apparatus.

s with valve at inlet using main city
water line of high pressuree.
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The following rre the calculated values af *4e
RKeynnIds number. and fricti-n factor for the teflm tube
of 1 174" nominal Toh. ueing city vmter line with a gate
‘valve at the entrence tn tha tube. At higher flmv Tates
the toeflon-irm Qipﬂ nanrectiong come apart.

Flow.rate ‘Pragaure drnn keynolds Frict ion
Ib./migi _in incheg number -factor
4343 49 1400 008U,
6740 1D 233 054
y 7240 1413 24800 00566
| Theu 1.5 55800 L 00695
54,0 0% 22000 . 00731
48,0 oh3. 16500 00705 |
. A8 o6 16700 . 0722
| ’ 58U 75 20900 . 00590
| | 7240 1.1 24800 00562
B 1448 291 00: . 00534
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TABLE V

CALCULATKD RESULTS

The following are the calculated values of the
Reynolds number and the friction factor for the copper

tube of 0.522% I.D. with the gate valve at the outlet.

Flow rate Pressure drop Reynolds Friction
lbe/min, in_inches number fuctor
1 7.55 2.00 6150 . 0094
3 16475 7.60 13650 L0074
3 3425 0.52 2730 0124
3 446 0.90 3750 .0114
X 5.85 1.38 4760 . 0107
1 9475 3.24 7950 .0091
4 14.0 5,84 11400 .0080
3 15.12 6455 12350 <0077
7 16455 7.72 13500 +0075
3 12.25 4,72 10000 . 0084
1 9.1 2.83 7400 0092
7012 1.82 5800 . 0096
| 5¢2 1.09 4250 .0108
| 3,25 0.42 2650 .0106
20 0.21 15630 .0141
743 8462 11100 . 0077

e A e e
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Figure 5. Fristiwn factor ve. feynolds number for the
conper tube and for the teflon tube of nominal
1 1/4" L.D., compared witd published data.
legend: © Gopper tube ueing apparatus.

- Teflon tube using main olty wvater
1ine with velve at inlete.




DISCUSSION OF RESULTS

The calculated results of this investigation are
presented in Tebles II to V. They are also presented
graphically in Figs. 3, 4 and 5, where the Fanning
friction factor wae plotted against the Reynolds number
for esch tube and compared With the cgtablished relation-
ships for the flow of fluids in smooth wetted metallie
and glass tubes.

It could bo easily seen that the friction factors
for the water-teflon system were conaiderably higher
than the accepted normal values which were approached
by the results of the copper tube. The copper tube was
used to sheok the accuracy of the apparatus.

It could also be seen that the ratio of the experiment-
al friction factors to the normal frioction factors decreased
with the increase in diemeter of the teflon tube.

Dipmeter Ratio of frigtion factorg
0.372 (laminar flow) 1,70
0.372 (turbulent flow) 1.45
0.721 " " 1.31
1.228 " " 1.06

The ratin of the friction factors seems to approach 1

for larger diametsre.

inother important observation is that when the valve

was moved to the inlet, thus reducing the pressure within

the liquid from 15 to 3 ft. the friction factor was




inoreased in the case of 3/4* nominal I.D. teflon tube but
not in the case of 3/8" tube. It should also be noted that
the results were more scattered at low pressure heads.
Earlier in this revort, the factors affecting the
flow of a non-wetting fluid were discussed. Slip could be
{mmediately discarded as a reason for the anomalies
displayed in the results of this investigation. 31ip should

inoreasa the velooity of flow and not docrease it,as was

=

the cage in this investigation, Furthermore, the magnitude

R R R TR SRR S A S e

of slip velonoity is so gmall that it could not be possibly

detected.
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The nresence of & chemisorbed or an adsorbed gas
layer or an oxlde film could also be disregarded in the
onge of teflon. The inertness of teflon and ite hydro-
phobic properties do not allow any oxide formation,
dirt acoumulation or any gas adsorption (whioh in any case,
ig too small to have any affect on friction factors).

The entrainment of alr seems 40 be the most plausible
explanation for the results in this experiment. The
arrangement of the upver reservoir was such that splashing
definitely occurred and a vortex could have ‘been formeds
When the pressure head was reduced by moving tﬁé valve to
the inlet, the flow became unsteady and at high flow rates,
surges of alr bubbles were seen carried by the wvater stream

in the rotameter. As 14 wyae mentioned earlier, these bubbles




tend to float by the force of buoyancy. When they reach
the upper surface of the tube they may remain aitached to
the wall, unless the velocity of the liquid is high snough
to overcome the friction between the tubble and the wall
and thus sweep it with ite current. The presence of these
bubbles could be sasily cemonstrated in the lahoratory by
attaching a Tygon tube to the water tap and allowing the
water to flow horirzontally in the tube. By loosening the
connection between the tube and the tap, air will leak in
the water stream. If the flow rate 1s sufficiently smmll,
the air bubbles will be seen ¢linging to the unper. surface
of the tube. Upon increamsing the rate of flow the bubbles
are swept with the flowing watere

hnother factor of equal importance is the possible
presence- of extrusion cavities in the wall of the tube.
h non-wetting liquid will possibly form & free surface
which may seal the air in the cavity. This could also be
of prime importance in heat trsnsfer, coupled with the
fact that this free surface layer of liquid may have

different properties i.e. viscosity,from the rest of the

liquid.

h hypothetical sketch of the flow of a non-wetiing

liquid in a tube is ghown in Fig. 6.




FIGURE (6)

Ypper surfacy of Sube ?T\\ \\\¥\ \\\\\

AN -
' ) N .
. \ N ‘ \\
o NN \\ N N
N . NN \\

——— Ld

floving 1icuid

)

Figure 6. A hypothetical sketch for the flow
of & non-wetting liguid in a tube.

Legend

1. Air butbles attached to the upoer surface of the tube
which hinder the flow of the liquid by increasing the
roughness and by decreasing the effective dimmeter.

9, Sealed air within an extrusion cavity. ad the liquid
wet the tube,it would have displaced the air in the.
cavity end in the form of bubbles.

3. A multimolecular layer formed due to gurface tension
within the liguid. This layer is of mknown properties.
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CONCLUJSIONS
This investigetion showed thal it wrs nossible to
obtain highir frictton factors during non~wetted
flow in smnati nives than would normally be exneoted
from smooth wetted pines.
Under non-weited conditions, frietisn foctors anproacied.
the expocted values for wetted flow as the diameter of
ths tube was inecreased.
The high values obtained for friction factors under non=
weited conditions were attributed t the entrainment

of air butbles in the liquid stream. These thlles tended
to attach themselves to the upper surface of the tube
thus inereasing the roughness factor and reducing the
offoctive diameter of the tube.

Entrained gas tubbles and the nosgible senling of zes

(or air) in cavities in the wall of the tubes which are
not wetted by the flowing liguid eould explain the large
anomlies fourd in heat trensfer from molten metals

wnder wetting and non-wetting conditione.

It is recommended that further work be cone in orcer

to verify the resulis of this investigation. A study

of flew st small Reynolds numbers is necesuary. 1t is
recomrended that further work be dane on the flow in

orifices under nom-wetting econditions.
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TABLE VI

T

Mareh 9 13.0
12.0

11.9

9,6
9.45

8.9
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EXPERIMENTAL DATA

ianomet

11.15

10.00
8,70
7.20
0492
6460
5450
475
3.80
2492
2422

The following is the experimental data taken for the

teflon tube of nominal 3/8" I.D. with gate valve at otlet.

Date Rotameter Rdg.

Rdgs.
11.20
10.10
.75
7.20
7.00
6.62
552
4.80
3.85
3.00
2425
10.60
9,38
8.09
7415
6.10
5.19
4.21
3446
2479
1.73
l. 50
2425
.08
4.70
661
Be69
11.25
ll.ao
17.34
0.80
1.20
1.38
1.94
2,60
3.40
4.20
5.13
6410
7.17
Be32
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Date _
March 12

Harch 15

Maroh 24

March 16

Rotameter Rdg.
11.0

11.65
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1345
13.8
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TABLE VI (Contd.)

.80
lllo
1.60
3.03
3.01
2.30
1.70
1.04

.57

)

40

043

«63
1.02
8.70

27
1.03
1.10
2429
3.83
3.88
5.83
7.95

10,31
11.61
11.79

Manometer RdAgp

8430 8417
9.62 9.41
10,80 10,53
11.80 12.10
12.44 12.12

.80
1,10
1.60
3.02
2.92
2.20
1.63
l.14

45

035

48

31

e 56

«93
8.78

27
1002
1.10
2429
3.82
3.87
5.82
T¢94

10.31
11.60
11.79
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TABIEVI A
EXPERDMENTAL DATA
The following is the exverimental data taken for the

teflon tube of 3/8" nominal I.D. with valve at the inlet.

Date.. Rotameter Rdg. I "snometer Rdgge
March 16 1.80 1.00 .91
2.87 1.60 1.55
3,90 2430 2.25
4,87 2.85 2084
6.20 3.91 3,90
7.70 5626 5425
9,50 6490 6486
12,00 10.00 9.85
13.00 11.30 1l.15
.60 «50 .40
.10 39 29
1.40 «75 e65
2.10 1.17 1.9
March 17 1.70 1.00 «90
| 11.70 9.54  9.50
6.20 4,00 3.90
12.70 11.16 11.12

%70 1.60 1.50
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Date Rotemcter Rdg. I Manometer LIcT8e

Feb. 10 6.1 .06 L 12

17,7 40 .49

11.9 20 .21

9,2 11 .21

18.6 .48 .51

2349 .6 W75

21.4 .57 H4

1544 .38 .40

10.8 .18 .25

17.9 40 .51

544 .07 .12

17.3 40 .48

\ 11.8 .20 30

' 22.0 62 68

; Febs 11 3.7 .71 .78

; 15.1 ¢35 +40

¢ 4.0 .02 .10

5 14, 29 W31

; 20, 60 .52

; 104 .20 .22

] Febs 12 20, .52 .59

¢ 14. ¢32 239

] 10. .19 .23

: Se .05 .11
: 13.

) 60 olo 013

TABLE VII
IXPERT WNTAL DATA

The following is the experimental data taken for the

tef 1o tube of nominal 3/4" I,D, with the gate valve at the

outlat,

5

7

5

1

8

6

1

5 28 .31
6

1 .88
0

8

7

0

5
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TABLE VIXContd.)

Date Rotameter Rdg. I Manometer Rdgs.e
Febo 15 9.5 016 016
8.0 012 .12
640 .09 «09
? Febp 16 55 .10 .10
. 648 J12 12
¥ 9.1 W17 17
10415 .20 .20
12.1 25 025
1345 .20 .30
) 1603 040 040
b 1847 «50 050
i 21.0 60 .60
i 2349 .71 1
d 22.1 066 066
/ 21.1 .61 .51
- 164C .39 39
?}h 14.1 031 -31
1N : 12.5 .28 .28
1 . 11.0 .20 .20
{ 943 .18 .18
; 649 J11 11
FGb-'?3 13.5 031 031
15.4 40 .39
17,9 45 46
19,2 55 54
2144 65 53
22.9 .70 st
2345 75 .74
2849 .28 .36
2145 65 53
17,1 53 03
174 47 .50
it 14,4 .35 .36

i 17,5 29 o

| 10,0 20 o0
7,5 2 .18
5.9 10 W12
o 1545 29 otl
i 23,1 o712 72

' Rotameter 1.1l

Feb. 24 305 018' t18
(rlﬂat TI in 506 026 026
I rotemeter) 7.8 037 236

‘ 11.2 57 57
13,9 .78 .78
1645 1.00 1.00
i 1843 1.17 117




Date

Fe

be 25

TARLT VI (Contde)

Rotameter Rdge I Vpnometer Rdggs
3.1 11 19
16.1 1.00 .20
5.6 022 .30
15.0 «87 «95
701 038 .31
0,? «49 W42
15.8 .90 .98
13.4 .59 .75
11.2 «51 « 80
19.% 1.°3 1.23
4,6 20 20
B, 7 .39 «39
19,7 1.26 1.26
2,5 W18 .16
10.9 Y «55
14,6 ot «85
9,5 49 «50
11.8 00?2 07
Be3 o4l W4l
15.5 138 At
12.25 ey .64
6455 «32 «33
18,0 1,10 1,10
2040 1,30 1.30
15.7 +39 .29

1.29 1.29

UK % R
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TABLE VIIA

EXPERIMENTAL DATA

The following is the experimental data taken for
the teflon tube of 3/4" nominal L.D. at high flow rates

using city water line with gate valve at inlet.

Date Floy rate (1b./njn.)  lanometer hdgs.

May 17 6540 8.40 8.60
81.0 11.70 11.67
73.0 10,00 9.95
61.0 7«33 715
5640 6410 6e15
51.0 4,98 5¢28
44,0 4,20 3.90
39,2 3.00 3.13
3645 2.87 3.22
32.0 2,07 2443

46.0 4.21 4457



TABLE VIIB

EXPERDENTAL DATA
The following is the experimental data taken for
the teflon tube of 3/4" nominal I.D, with the gate valve

at the inlet. Manometer readings were umsteadye.

Late Rotameter Rdge I Manometer Rdgs.
Feb. 12 20.1 .80 .51
2142 .88 .56
1642 49 50
1847 .70 .70
9.8 023 29
11.7 .30 .34
14.5 <40 44
1643 50 52
10.1 25 30
7.8 .18 20
6.0 .10 16
20,2 1be/min. 1.38  1.38
Febo 15 2400 1-16 1.20
21.9 .76 81
20,6 .81 .90
20,0 66 .70
19.0. .70 .76
17.6 «68 .70
17.5 52 61
1649 58 «64
1545 o45 .51
13.3 35 44
13.1 o34 o4l
10,8 22 .30

8.4 «16 025




TABLE VIII
EXPERIMENTAL DATA

The following is the experimental data taken for the

teflon tube of 1 1/4" nominal I.D. nusing city water line

with a gate valve t the entrance =n %16 tibes Flow rase

mensared directlye

Date Flow rafa [p,/gin, Manometer Rdgse
May 1€ 43.3 .38 W11
5345 o & «"3
67.0 60 «40
7.0 61 oS4
7540 . 67 «60
6440 .48 .50
47,0 «30 o3
Way 20 4745 .17 035
5849 30 o
7240 003 .48
69 79
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TABLE IX

EXPERIMENTAL DATA

ke KK N HH A

4.40

The following is the experimental data taken for a

copper tube of 0.522" I.D. with the valve at the outlet.

lanometer Adf8.
1.00 1.00
3.90 3.90
«26 o26
o45 o45
«69 «69
1.062 1.62
2.92 2.92
3435 3.20
3.98 374
2e45 2427
1.50 1.33
1.00 82
+60 «49
31 .11
o2 01

4,22



SAUPLE CALCUIATIONS
The following is a sample calculation for the first

item in Table II.

Calculation of the Revmolds number:

Re -D V/°
/u

V- velocity in £4./s60.

D =diameter of tube in ft.
f = density of water in l1bs./cusft.
/1 =visoosity of water in British units.
Experimental data gives the flow rate as 9.8 1b./min.
Also the pressure drop is 22.35 inshes of carbon tetra-
chloride under water. The diameter is .372 inches. The
viscosity of water at 25°C {s 0.896 centipoises. The
density of water is 62.25 lbs./cu.ft.

V_ 9,8 _ 3,48 ft./sec,

- 3 4
60 x 62425 {0,031)*m

D _ 04372 . 0.031 ft.
12

i 20,896 continotses = 0,896 x 6.72 x 10 " 1b./ft.sec.

Re - 040 8 5 _11180
0,896 x 6472 x 107

Caloulation of the friotion fagtor:

r_ D’AP
32 L w?

AP _32,35"(1.595 = 1.00) x 62.25 269 1b. forcs/sq.ft.
12
s;:320174

v =908/6° = 00167 1b0/’°°!
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4 T4,
£ _(2.28) x 6242

L=

W@.&lﬁlﬁ
0,167

32x4x

0.0114
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