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' '-  Th1s the51s descr1bes an exper1menta1 study of the T

+ ‘
d1ffus10n of d11ute aqueous drag reduc1ng polymers when eJectcd

'g from a th1n wall slot 1nto a deve10p1ng turbulent boundary layer

(external flow). zsf.ff - L_ : ';'uzf,f [ﬁ." | -

A{hor1zonta1 flat plate located 1n a o0, 1524 m. fomiﬁ')-

1 D. p1ex1glass plpe was spec1f1ca11y de51gned for obta1n1ng :
difoSzon data. Water or aqueous polymer solutzons whlch were'
dyed w1th a fluoreSC1ng dye were 1nJected tangentzally 1nto the
boundary layer through a slot 51tuated near thé leadln& edge of
the flat plate. Samples were taken from the flow f1e1d and by7—
us1ng '‘a spectrophotometer toncentratlon profli\k\were establzshed'
The investigation was carried out for a constant free stream
velocity of 5.4 m./sec. for various 1n39%;1on flow rates and
concentrations in the range 0 to 1500 w;p;p;m.

It was found that the diffusion ratu will increase for
very low.ﬁolymer ton;entfatidns (6f the order of 0.75 w.p.p.m.),
while the diftusion rate will be reduced for higher concentrations.
The resulting data have been‘compare& to Newtonian diffusion

phenomena as well as the.available data for polymer additives.
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Corrclations for the concentration profiles, dlffusion boundary ;fifi ﬂi

laycr growth wa11 conccntraticn and eddy d;ffusivity arc

presented The research covers the four 1mportant zoncs of

; 1 1&iffusxon w1th cmpha51s on the earlier dcvcloplng 2°ﬂ°5 for "thh

'_;}there are V1rtually no data available.- The rcsults 1nd1catc
ithat a universal d1ffus1on correlatxon-cxzsts wh:ch representS;.'_‘w‘

: y_f the data for both Newtonlan and polymer solut1ons for thc far __ﬁ...-..

1-reglon downstream but 1nd1cate dec1ded1y dlffcrent phenomenh

"~near the 1nJect10n region,‘confirmlng a preV1ously pub11shcd

“Ztheoret1cal analys1s. iR R
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CHAPTER 1. .~

.hf”%‘ff'."lffiNtRODUcTIQN

- R

- That add1t1ves can cons1derab1y reduce drag in _
*jturbulent flow has been well establlshed durlng the past twenty
;;seven years s1nce Tom's . fzrst publlcatlon on: the subJect - The
actual mechan1sm 1nv01ved haSunot been def1n1te1y establlshed
bt 1t certa1n1y appears that t&e suppre551on of h1gh frequency‘
turbulence 1n the 1nner wall orlbuffer Zone of the boundary
'ilayer plays an 1mportant role. }Consequently it is essentlall
-to eff1c1ent1y get and keep thé add1t1ve in the 1nner wall
region. o L .. |
o _A'ﬁumber_ef methods may be esed to get ‘the edditivee
into the-erucdaidbali regien‘of the boﬁndaryjleyer. qu_exampie :
homogepéousdispeTSidn, fnjection or‘addiéiVedcoatingslmay-be
used. Homogeneous fiowe_are only of practical value in closed
loop or recirculatipg_eystems, whilst the 1atter’approaches
may be used on any practical system. |

Obviously it is necessary to have available methods
of determining the dispersion rate of the additives from a
coating or injection area if design calculations or feasibility
studies are to be made. This thesie is concerned with the - ¢
subject of the turbulent diffusion rate of polymer solution
injected into the turbulent developing external boundary‘layer.

"Since the ejected polymer solution is greatly diluted

by the turbulent mixing in the boundary layer, the drag reduction



':"”evaluat1ng a part1cu1ar system.f

‘1s ma1n1y determ1ned by the d1ffu51on rate of the polymer

';solut1on w;th;n the 1nner wall reg1on. Thus the pred1ct1on of =

i

;the m1x1ng rate w1th1n the boundary layer becomes very 1mportant 1n

\

..,

- Obvxously the reduct1on of drag in- real systems may

T(have econom1c ‘or practical advantages.. For - example,,1n3ect1on

of polymer 1nto the . boundary 1ayer on a submarlne may faC111tate

- a. con51derab1e 1ncrease,1n‘the maximum speed of the vessel.

However, this may be an uneconomlcal operat1on when con51der1ng 7

gthe cost of the polymers-belng used. But the runnlng and

.cap:tal costs of.larger englnes operatang below their max1mnm-

effitiéncy would make use of the bdlymer additive economic _. .
'*from th1s point ‘of.view. IR o L O
| Unfortunafely, ‘the maJorlty of research on polymer L

"additives‘has been in drag reduction eff1C1ency and methods
- of-gettingnthefpolymer into the boundary layer. Very little

‘research has been reported on the»prediction‘of turbulent’

diffusion rates. Purthermore, very few papers have been published -

on. emp1r1ca1 datav Wthh are important 1f accurate methods of

.predlctlng d15pers1on rates and concentration levels are to be

achieved.. This research was investigated to help fill the gap
in the available emoirical knowledge especialiy regarding the
near injeCtion region as well as to verify existing though very
sparse data for the far downstream conditions.

To this end,a small water tunnel in which a single
flat plate model with injection facilities was located was

constructed in which concentration measurements were made

with maximum flow velooity of the order of 6 m./sec.



CHAPTER é
LITERATURE SURVEY

\.
_,'\

. . \ ".. - ‘ : . Lo vy
As’ stated in the Introduct1on rt\ls 1mportant to have .

ava1lab1e re11able accurate 1nformat1on on ‘the turbulent d1ffus1on
- rates. of polymers 1n order to assess the requ1rements for

_pract1ca1 drag reduct1on systems in external flows.‘ Unfortunately

i
—_—

very 11tt1e informatlon 15 avallable in the open 11terature on
this subject.” The main emphas1s durlng the past decade has
been on the effect of drag redUC1ng add1t1ves on the development

pr boundary layers and the mechanlsm 1nvolved :\ _

In a study of- the dlfoSIOD phenomena of drag ;educ1ng
additives, it is necessary to compare_the data,w1th_ex15t1ng
theories and data for Newtonian fluide; Consequently, pertinent
research on all aspectsfof diffusion in turbulent fluid boundary
layers must be considered. _

Poreh and Cermak [1] studied the two-dimensional turbulent
mixing of'ammonia gas injected from a line source into a
turbulent boundary layer forued on the wall of_ a wind tunnel.
They found what appeared to be four zones of development of the
mean concentration profile which were:

' (1) lhe initial zone. in which very large velocity and
concentration gradients make it impossible to obtain

reliable data. The length of this region is determined

by the ‘hnitial conditions near the source, physical



o™

51ze of the source relat1ve to the thlckness of)thcw L

- sub Iayer,'the 1n3ect1on veloc1ty and the magn1tude_J

o

‘.are small compared to VBrt1ca1 grad1ents and the

_curve:

using B

of the molecular d1ffu51V1ty Ak\,_‘

£ L
The 1ntermed1ate zone 1n whlch 1ong1tud1na1 gradlents'

boundary layer approx1mat;on for the. veIOC1ty and con-

centratlon proflles'-used o ‘Wlthln thxs zone’ the

d1ffusrng plume is totally submerged 1n the boundary

‘ layer, and the rate of. growth of the vertlcal d1men51on

of the plume is 1arge compared to the rate of growth

of the boundary layer itself. The mean concentrat1on ‘

n-proflles can be described by the dinensionless universal

N

' éi =f (g) - . - LZ-lj'
(o4 -

It appeared that the function £ (£) is independent
of'umax and 6 in this zone.

The data were fitted for longitudinal variation of i

-

(2.2)
and the variation of Em amax could be approximated to

- - o= -0.9
Cm Ynax = 22 (x) (2.3)

The intermediate zone extends 20-40 boundary layer

thicknesses downstream from the injection slot.



-

"f_[3) The tran51cnt zonF in whlch the effect of the m11d

m1X1ng process in. the amblent a1r decreases the rate‘”

. of. growth of thé d1ffu51on plume .and gradually changes
the shape of the concentratlon proflle. . B ,
(4) The f1na1 zone in wh1ch the d1ffu51on of matter beyond

o the boundary 1ayer into the. amblent f1u1d 1s controlled L

by the molecular act1on and the turbulent fluctuatlon

in the amblent f1u1d “The- concentratlon proflles w1th1n*a”

'“_\\\v‘;' thls zone can be: descrlbed by
_;_a'f & ey
c - S
* T N L e
m 3 Y“max R ' L ' S

The ma;or d1fference between the 1ntermedlate zone'
' and the f1na1 zone is that the characterlstlcs of the

d1ffus1onAf1e1d are ;ndependent of the position of the

source in the final zone.

Fabula -and Burns [2] studied the mixing with and without .
friction reducing polymer solution in approximately two-dimensional
open channel flow. Dyed polymer solution or dyed water was.
injected through a tangentlal wall slot extending across the
channel near the effective start of the boundary layer. They
applied the negative roughness analogy which is useful in the
case of low polymer concentration and moderate wall stress.

Samples were taken far enough downstream of the injection slot
{5 and 12 m. from the 1njectlon slot) to ensure typical final

zone behaviour. Good agreement was obtained between the



“expression for

W, . .
. T Rl .

féi ‘descrlbed by MorkOV1n [3] and a Qbrrelatlon'“
m -

“haked on ‘their own exper1mental results whlch was.;
L e o - T R - )

'i"" exp [ -0 693 (5)2 151 LT i(2.6)
m ‘ _ , ‘ '

t$They,uSed this:expreSSion for the-concéﬁtfetiOn'rétio togﬂther

Wlth the veIOC1ty defect s1m1lar1ty law of Coles [4] to. obtaln

‘“-the foIIOW1ng expre551on'

-max 6‘l1’ cl'l'l
61 ¢4

-1

(0 606 - 313 UT/umax)

(2.7)

' The compariso between'thq'predi;ted_lawfahd‘thefexperimEnfhl -

fesults suppofted the"negatiﬁe'roughnesé-aniiogy and showed good

_agreement between the calculated and experlmental wall concentra-'

thnS. The results for both the water and- polymer solutlon

injection flows were quite similar. However, there was large
disagreement for ) between the calcolated and the experimental
values which showed that the agreement for ém was partially
accidental. They attributed this to the fact that either the
flow was three-dimensional or that thelapproximation of substitut-
ing 4¢ for U¢ in their analysis produced a significant error.
However, they recommended the three-dimensionalities effect

as the primary reason for the difference. The dimensional
comparison'of prediction with experiment showed that there was
qualitative‘agreement for the mean concentration profiles but

a sizable underestimate of the concentration all across the

profile. This was at least partly due to the large experimental

/



"fdlfference in the results between G c -and the uc 1ntegra1

WTwhlch should have been very nearly equal ~‘§/-

Jin Wu [5] measured the concentrat1on prof1le for drag
';Vreduc1ng polymer eJected from a th1n wall slot 1nto a developlng
'“turbulent boundary layer (external flow) u51ng a laser phot-'

.“_

translstor un1t The research 1nc1ud d tests of eJect1ng polymer )
- \ Z

¥
;,solut1ons of var1ous concentrat1ons a var1ous 1nJect1on rates.

ﬂ'The experlnents were performed in a rec1rcu1at1ng water channel
-

~_and drag reduct1on studles were: done at a constant free stream
veloc1ty._"It hasfbeen observed thatmpolymers thlcken the VISCOUS
jsub -layer wh1ch apprec1ab1y 1ncreases the flow rate 1n the. sub- |
':layer. Therefore the turbulent m1x1ng or the d11ut10n of polymers.
'-outs1de of the sub lay%§ takes place w1th a smaller fract1on -

1 of the eJected solut1on than for water 1n3ect10n . There is some
dlsagreement between his concentratlon measurements and those
reported ear11er in [1] ‘and [2] His results indicated a
suppression of the diffusion of drag reducing pol}mer'within a
turbulent boundary layer mheﬁ the,concentration of the ejected
solution is greater than 1060 Qkp.p.m. and there is very little
change in turbulent diffusion with pﬁlymer'injection concentrations
less than 100 w.p.p.m.

In a later work, Poreh and Hsu [6] calculated the
diffusion in the intermediate zone when a fluid ejected from a
continuous line source by using Poreh's previous data for
ammonia air diffusion. They modified a method originally pro-
posed on the basis of Lagrangian similarity conditions [7) to

describe the mean position of an ensemble of particle release.



It was suggestedl on the b351s of the observcd s1m1lar1ty of thera.
concentrat1on prof:les downstream of a contlnuous 11ne source G
at the ground 1evcl that the mean vert1ca1 he1ght Y of part1c1esf'
x_at a d1stance x from the source was approx1mately equal to ‘the .
“mean vert1ca1 helght of an ensemble of 51ng1e partlcle released
haV1ng tbe same d1stance from the source., ThlS theory was_ a
supported by [8] Accordlngly the rate of*growth of the
d1ffus1ng boundary layer had been calculated by 1ntegrat1n§ f.

A . ' ' -

the equatlon SR
_ et

%x B B UT/U(Y) By ‘,d : L _-f.d“ L tz.Si
since y l=_'0.'76: ‘1__ IR .5 | L .: | ‘-(2..9j‘ ‘
aly) =g, /6" 3 S (2.10)

y
Comparison'uith‘the experimental‘ddta 9] showed that 'B' is

constantvand'approximately equal to the Von'Karman‘constant K
only when the diffusion bouddary layer is completely submerged

in the logarithmic layer of the uelocity field (i.e., b4 < 0.15}.

§

When the thickness of the boundarf layer becomeés larger than

‘this value, the diffusion rate decreases as a result of the
reduced turbulent mixing in the outer region. Consequently the
integration of Equation (2.8) should be done with B = K (1 - y/6)
which gives a reasonable agreement with the experimental data of
[1] throughout the intermediate zoue. They studied the effect

of rougbuess or polymer additives and found that the diffusion

increased in the case of rough surfaces and decreased for drag

reducing additives.



.

:h In a later work Poreh and Hsu [10] analyzed thc

FdlfoSIOD of dlluted drag reduc1ng polymers and the effect of
isthe dlffu51ng polymers on - the deveIOpmcnt of the houndary layer..t"ﬁ
-7The1r ana1y51s suggested that both thc dlffu51on rate -and’ the_'t:'

-;drag were reduced HoweVer 1n most practrcal 51tuat10ns, 51nce.

'the requlred concentratlon 1s small the reductlon in the

J_'d1ffus1on rate w111 be small In thEIT analy51s they concluded

hat except in very slowly mOV1ng Shlps, the 1n1t1a1 stage of -

‘.d1ffu510n would be relat1ve1y ‘short and 1n51gn1f1cant .In the-

¥ ,
f1nal zone-of,daffus1on,-on the qther.hand, there;would be hardly.

R aﬁy'pelymersﬂleft,in_the:viscousAsub-laye;ngSince the structure

of the major-pOrtion of the turbuient bounearﬁ is not affected'

by the polymers, their predlctlon for the distr1but10n in the

f1na1 stage is- expected to be szm11ar to the d1str1but10n of

- inert tracers. Thus the main change would be in the 1ntermed1ate

zone. They found that the longer the plate the larger were

‘the quantities of polymer required to achieve the same percentage

of drag reduction (i.e., the absolute power saving due to the
polymer ejecting did not decrease). Furthermore, they found that
the drag reduction per unit discharge was larger for small values
of Q;, indicating that it.might be more economical to obtain

only small drag reduction. .They also concluded that in high
speed flows, the effect of the Viscous sub-layér on the diffusion
was limited to a short distance’ near the ejection line. Further
downstream, diffusion was similar with and without polymers.

In both cases the diffusion rate was proportional to the shear

velocity and inversely proportional to the mean velocity. Thus



MThe effect however was

‘_ft1me5 the boundary layer thlckncss. S "'h;i {.' : B j -

SLo10 -

o 'the d1ffus1on rate was’ decreased 1n the case of drag rcductlon

hglot very large and the polymers "fllpi

':,;the ent1re boundary layer w1th1n a dlstance smaller than 100

-

Walters-and Wells [11], [12] experlmentally StUdICd the

. mechan1cs of tuzhg&eht d1ffus1on when unlformly 1nJect1ng drag

"reduC1ng polymer solutlon through a porous wall into fully

developed p1pe flow of water.. The1r data were obtalned u51ng -

'very low 1n3ect1on rates and 1nd1cated an 1ncrease -in the v1scous_
'h sub- layer thlckness whzch is. accompanled by an 1ncrease 1n the
d1f£us1on sub layer tthknESS. Furthermore,'emp1r1ca1 d1ffus1on
‘acoeff1c1ents were obtalned Thelr data’ showed that for the

o polymer d1foS10n, the d1ffus1on rate in the reg1on of the polymer

_r.
deficient turbulent core 15 greater than the Newton1an fluid or

water d1ffuslon. Consequently there is a significant réﬂuctlonw
in’ the turbulent'diffusioh near the wall which leads to a higher
concentration there than for the case of water injection.
p
2.1. Summary
From the available data and ,analysis, it can be concluded

that for diffusion from a line source into a tmo-dimensional
turbulent boundary layer, the downstream diffusion may be divided
into four zones%

1. Initiai Pone

2. Intermedﬁate zone

3. Transiemt zone ' -

4, Final zone



i

It was found that the main - dlffcrcnce betwccn the
'-d1ffu510n of polymers and ,other tracers would be. 1n the 1nter--
mediate zone. Fur;hermore,f1t waslooser;ednthat the d1ffu51on
rete.ond drag wered;edoced. uHowever; fdrlmoet praotioa} situa-
tione the'redootioniin-the.diffdsion;rafe'mey.be.expected to. |
beremeif;"lt.fie'also sﬁggeszed-tnat the prediefion‘of‘fhe.
‘negetive;rooghness-analogy’is osefui end that tne:dreg‘reduetion
per unit discharge is larger for small valoesdof the discherge‘
rafe. | | u - 7 |

- - , _ s ) : _

Finally it is apparent that veryhfew experimental.
'stodies have been completed and those which have been done were
malnly concerned w1th the dlffu51on far downstream from the
1n3ect10n site (i.e., for thelfinal zone) ’ Verlflcatlon of
Poreh et al.'s analytlcal studles as well as - more extensive

research for a greater range of velocities for the four proposed

zones of diffusion needs to be done. . *

(&)



\ (CHAPTER 3.
EXPERIMENTAL APPARATUS

At the commencement of the research an exper1mental
apparatus existed. However, the operatlng criteria werer
considerably changed from the preV1ous requ1rements and con:

 sequent1y the apparatus 1s,essent1a11y a new de51gn. As
_preV1ously stated, the reSearch was to OBfaiﬁqempirical data on
" /the dlfoSIOH rate of drag reduc1ﬂg additives in two -dimensional
external turbulenteequ111br1um boundary layers with no pressure .
‘é;adﬁept. To—this. end, an existing flat plate apparatus; see
figufe 1, was redesigned to comply wich the foilowing_criterie:.
(1) To achieve the highest. possible mean water flow
velocity in the test ;ection'given an available static
head of 3.3 m of water.
(2) Tangential injection of wacer or polymer solution at
different flow rates and different concentratioms.
(3) To"be able to obtain'velocity and concentration profile
data in the longitudinal and vertical directions in the

flow field.

(4) To simulate a semi-infinite flow field.

3.1. Test Section

The test section was comprised of a plexiglass pipe

1.3 m. long and 0.152 -m. (6, in.) I.D. which permitted visual

12
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oeservation. ‘A,hbrizontei'flat.elateﬁl.S"m.'long-by‘0.152‘ m.
wide w_ith“124.7 mm. thickness was Cen'tra‘ll-_y. located in the pipe
with its large surfaceé‘hetitoﬂtal; At the 1eading'aﬁd trhiliﬁg
_ends ef the"plateleés;s mm;liong wedges were fitted te‘minimize
'pressure gradients. A 76 2 mm‘ (3 in')‘wide by 0.64 mm.
(0 025 in. ) deep transverse 1n3ect1on slot, see Flgure 2, located -
0 137 m. downstream from the ieading edge on the upper face of

7 the flat plate was used to tangentlally inject the solutlons into
the boundary‘layer.' The sclution to be Anjected was supplled to
both ends of a ttansverse chamber situated behind the injectioﬁ

_ slet in an attempt to obtaln a un1form 1nJect10n ve10c1ty
proff?e. In order to obtaln liquid samples in the longltudlnal
directiop,_36-locat10ns fpr-probe5'31.8 mm. (1.25 ;n.) apart
along the centerline Jﬁ the top of the pipe were produced.
These probes, which could'be;used either for concentration or
velocity measurements, were attached to a crossbar which could
be moved vertically: The.location of the bar with respeet to the
flat plate was measured with twob;icrometers, having an accuracy
of 0;025 mm. (0.001 in.), which were located at the ends of
the bar. At three;cross-section sections 0.44 m. (17.5 in.) apart,
provisions were made to locate 4 probes around the upper semi-
circular periphery, as shown in Figure 3, such that one probe was
at the top, two at 45° to the horizontal and one 5° to the
horizontal. The first cross section was at 95.25 mm. from the
injection slot. These probes were used to obtain cross-sectional
concentration profiles, total and static pressures required for

the calculation of the velocity profiles and the pressure drop
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over the test. section - nght angle probes w1th 0. 5 mm. I. D

and 1 mm, 0 D. wo}e USed to collect ‘the samples and also to "lQ '
obta1n velocity pﬁofiles.. The sampling stat1onsu see Figure 4, | )
were at dzstances of 0. 050 ; 0.146 , 0.304 , 0 558 and 0. 844 m.:--
2, 5.75, 12, 22 and 33 25 in.,) downstream from the 1nject10n.

" slot and'oould cover the four zones: of diffusion preV1ous1y deflned
in Cﬁapter %. The probe statlons Jfor measur1ng the/veloc1ty

were at'distances of 0.095 , 0.539 and 0.984 m. (3.75, 21. 25

‘and 38.75 in.) downstream from the injection slot.

. 3.2. The Water Flow System

The water flow system could e1ther be open circuit or‘
closed loop,_the latter arrangement see F;gure 3, was used o
when the flow rates were groaoo;'than'thot which oould be
accommodated by the drains., The system was comprised of a

50.0 0m3 capacity in«ground storage reservoir (sump tank),

from which the water was pumped to a 7.5 m3 . capdcity constant
head header tank situated above the apparatus. This arrangement
produced a maximum of 3.3 m., static head at the test section. -
An axial single stage cenfrlfugal pump*, driven by a three-phase
a.o. motor+, pumped the water from the sump tank to the header

tank. The water then flowed through a 0.203 m. (8 in.) diameter

pipe vertically down to a cylindrical plenum chamber thence to

a plexiglass tubular test section. A cylindrical-type brass

* Canada Pumps Limited, 1400 U.S. gal/min.,, 1150 r.p.m.,
20 £t, head, 10 H.P.

+ ' Robbins and Meyers Company, 30, 55 V, 11A, 1140 r.p.m. 10 H.P.,
continuous duty,
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'screen at the entrance to the 0 203 m. (8 1n ) vertlcal p1pe :

‘_1n51de the constant head tank stopped forelgn matter from"'

;'enter1ng the test sectlon and also- reduced the tendency to

o

than the area of the p1pe Wthh avo1ded exce551ve losses..—

Furthermore,-a cross p1ece was f1xed in the 0 203 ‘m. (8 1n )

'7-vert1ca1 pipe at the ex1t from the constant head tank to av01d |

‘vortlces be1ng generated in the constant head ‘tank w1th the

consequent a1r 1nJect10n A butterfly valve 51tuated in the '

0 203 ‘m. (8 in. ) vertlcal p1pe before the plenum chamber was

.used to control the mass - flow rate and. consequently the veloc1ty

'of ‘the water 1n51de the test sect1on. An upstream cyllndrlcal

'plenum chamber 51tuated prlor to the test sect1on was used to

ensure damplng the vortlces, and to avoid exce551ve boundary
layer_thlckness in.the test section and thus produce cored flow

in the test section. At the. entrance to the plexiglass pipe a

‘honeycomb was used to align the flqw going to the test section.

The velocity was measured at the inlet to the tést section using

a pitot static tube. At thée exit from the test section an
inrerted"U' type elbow and bend was used to ensure that the
flow would fill all the test section, the flowsthen discharged
to the sump.

After the assembly of the apparatus, the velocity
distribut;?n vertically across the test section'just upstream
of the test plate was measured. It was found that the velocity
at the top half of the plexiglass pipe was much smaller than

expected. After several trials, it was found that the smaller

velocity was mainly due to eddiés and disturbances at the inlet

st

f\ - ‘_'.7.;

,'produce entrance vort1ces. The flow area of the screen was hlgher'



;'to.the plex1glass p1pelfromlthe plenum chamber. rﬁis~§5§@*j;'€
;ﬂv1rtually e11m1nated by changlng the entrance from reentrant
to sharp edged B s |
ER The Polymer Solutlon Flow System o

' The supply of the polymer solut1on, ‘see Flgure 3,

was frap a pressurlzed storage vessel which was connected to

VT

a constant 689 5 KN/m (100 lbffln ). pressure alr supply -

'-"

it

The air pressure 1n51de the vessel could be malntalned at any
. de51red value us1ng a pressure-regulator The compressed air
-above the polymer solutlon was used td d1scharge the solutxon:
to the apparatus via a prpellne at the ‘bottom of the vessel.
-The pressurized vessel was f1tted w1th a safety valve set for,
l 103 4"KN/m (15 lb /1n ). A rotameter type flow meter which -
had been precallbrated w1th various polymer solution concentratlons
was used in the polymer solutlonmflow11ne to measure the
injection flow:rate. The solution'being injected to the opposite
ends of the injection slot, in an attempt to obtain a uniform
-velocity profile at the exit from the slot. The polymer solution
was pre-prepared in plastic lined bins and supplied to the
pressurized vessel by means of a variable speed peristalic pump*

. +
driven by a three-phase a.c. motor .

* All speeds Limited, type AL6FS, 1 H.P.
+ Brook Motors Limited, 3-¢, 865 r.p.m., 1 H.P.
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= 3,4 Measur1ng Instrumentat;on

(1) Mean veloC1ty proflles were measured at four locatlons._
‘ uThe flrst locat1on was Just prlor to the test platef
“f'u51ng a p1tot statlc tube wh;le the other three Ehlfffh~
fllocatlons mere along the plate.‘ The measurements
.:were made u51ng Ihe dlfference between the total head
measured by the p1tot fubes in the centerllne and the
.

'stat1c head at the same sectlon using a’ mercury in

glass U tube manometer. | o )
'(2)__The pressur% dr0p along the upper half of the test | p
. 'section &as measured using a“Urtube ‘manometer filled
w1th carbon tetrachlorlde dyed w1th 1od1ne.
-‘(3) The dlscharge rate of  the 1n3ected solution was
measured using -a rotameter Wthh was callbrated prlor
to the experlments for varlous polymer-concentrat1ons.
(h) ‘Concentration profile meaSurements-were'made using
the total head probes to ohtaih'samples uhich were- -
collected in small test tubes. The flow rate into
the small bore sampling tubes was sufficiently low
that mo disturbance in the. flow would occur. The
samples were taken at different locations and different
heights above the flat plate downstream of the injection
slot. The local concentration measurements of the
injection fluid in the test section was based on the
measurements of the concentration of a fluorescent

tracer dye solution mixed with the injected fluid and

detectedfin the samples. The fluorescent concentration
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"1n the samples was measured u51ng a spectrophotometer wh1ch

gave excellent sen51t1V1ty of the order of 0 005 W p p m.

d-and spec1f1C1ty at very low concentratlons. The level of

”;;fluorescent rad1at1on is. usually in d1rect proportlon to the

'--concentrat1on of the fluoreSC1ng molecules and 11near re ponse
is possrble .over a broad range of concentratlons._ Rhodam1ne WT
wal used as a fluorescent tracer wh1ch gave 11near response in -

.the range of 0- to 8 w.Pp. p m. whlch covers. the range used in the

'experlments.

3.5. Experimental Procedures

' 3 5. 1 System Preparat1on

It was initially necessary before each exper1ment

- to draln off the water from the header tank and the sump and

then ref111 the system with clean untreated mains water

to reduce the accummulation of the dye in the water system. This
was usually done 12 hours or_more before the tést. The water was
circulated through the system prior to the experiments to ensure

isothermal conditions.

3.5.2. Additive Solution Preparation .

The solutions were prepared in plastic cans each .
having a capacity of 60 Kg. of water. The plastic bag was replaced
prior to the preparation of each new solution after which the

‘solution was pumped into the storage vessel.

* Gilford Instrument Laboratories Inc., Oberlin, Ohio,
Automatic recording spectrophotometer model 2400,
Form No. 04-2400-6-1-69.
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;') Water InJectlon 1;,;hnyf. _-haﬁfh*’.'.-'.:h‘{hf'iffx‘ AR
N The exper1mental measurements were performed by

1n3ect1ng an- aqueous rhodam1ne solut1on through the 1nJectlon

slot 1nto the boundiry layer over the flat plate.i The : concentra-d'_°'

tion. of the 1nJected rhodam1ne WT solutlon was 100 w. P. p m.

'and ‘the . solut1on was prepared 6 hours before a.xést run.

) Polymer Injectlon
o The additive used was Reten 423 (obtalned from Hercules
~Inc.) wh1ch is an an10n1c acry11c polymer w1th an assessed
molecular_we1ght of between 107 to 10 ‘and 15'known to have

high resistance‘to-sheer:degradation. ;The experimemtal test
TUuns were performed by 1n3ect1ng aamlxture ,of aqueous polymer
and rhodamlne WT dye‘solutlon. The polymer solution was

prepared by carefmlly weighing anleppropriate quantity of
polymer, then dispersihg it in a small quantity of alcohol

and gradually adding this to the homogeneous rhodamine water
mixture. (The polymer should no:ﬁi} added to the water all at
once since it does not disperse d flacculates.) The mixture
was then periodically stirred. This procedure reduces the
time required to obtain a homogemeous solution and the alcohol
has little effect on the solution if only small quantities

are used. The solution was prepared between one and three

days before the test to ensure complete mixing.



-f“%}ﬁ.: Test Procedures

The header tank and sump were fllled w1th untreated-'

: Fmalns water 12 hours before the tesd and C1rculat1on of the

_water contlnued unt11 steady state 1sotherma1 condltlons were '

,ach1eved The veIOC1ty data were taken vert1ca11y across the‘

test sectlon at four locat1ons us1né the pltot stat1c tube 1nd
con*unctlon wlth-the total and statlc head probes._ The vert;cal
10cat1on of the probes was obtalned from ‘the mlcrometers;

| After startlng the main flow and a110w1ng a steady

state c0nd1t1on to’ be reached the’ dlscharge valve,from the

_ polvmer solutlon vessel was turned on and the rhodam1ne or'

pclymer rhodamlne solutlon was then 1nJected at a constant
predetermlned dlscharge rate Wthh was - achleved by ad;ustxng the

air pressure to a desired constant'value.‘ In order to avoid the

~effect of the decreasing solution level inside the polymer.

-

solution vessel on. the flow tate; A fine adjustment valve
controlled the polymer solution flow rate. The's}stem was
opetated1for some time to achieve steady state conditions.

To prevent the effect of eddies and disturbances
created behind each probe on the diffusion data, the samplesﬁ
were collected at only one longitudinal location each time. -The
samples were collected within the boundary layer for each
longitudinal location. In addition,'samples were collected at
the top part of the test section to check the free stream

concentration. The location of the sample points above the flat

rlate was determined using the micrometers.



'”*locatlons before 1t emptled At least two samples were taken'

- Co : 4 . e . [

The capac1ty of the 1nject10n vessel was such that

_1t was only possﬂble to obtaln samples 1n flve 1ong1tud1nal.

B

"at each 1ocat10n to check reproduC1b111ty of data at g;ven
flow condltlons.,_' R ,..V S r-‘qf" AR P
W ‘_‘3"-‘, ’ ’ ~ ‘ , .
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LHAPTER 4
THEORY

; 4;1r: Veloc1ty'Prof11es

. .
In: order to av01d the nece551ty of u51ng numer1ca1

'data in subsequent calculatlons and correlatlons, the veloc1ty,

data were correlated u51ng standard technlques.i A 51mp1e power‘V*

law’ relatlonshlp was 1n1t1a11y used and subsequently was found
‘su1tab1e for the range of Reynolds numbers used 1n the exper1-,

ments. /That 1s, the veIOC1ty pTOflle correlatlon wh ch was s

o found to best flt the experlmental data was ‘the wel established «

'seventh power law.-[14]

n ) ' . . - . L €

—— = (D A € %)
u ) i :
max

where n =7

4.2. Concentration Profiles

In a turbulent boundary layer over a flat plate any
quantity such ae the instantaneous local concentration of the
polymeTr or the dye will Ee a function of the location compared
: to the injection source, the time t, the injection rate and
concentration, and the free stream velocity, thus

c = c(x, y, z, Q.

i Cio t) (4.2)

max’
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i"For two dlmen51onal flows and taklng t1me average valucs,* :
t'k )

fLuthe mean concentrat1on w111 be 1ndependent of z, i. e.,_'

'uméxl.A"

a C= C‘ (X, Y Qla .ci'a'

fIntrodUC1ng a convenlent d1mens1ona1 character1st1c of the

d1ffus1ond bpundary 1ayer X, def1ned by

. o ‘

£ = 0.5 S at.y = A
c. . S
and also the mean conCentratioh on thé'wall,ﬁhich;wili be a

| funttion of (Q: sy X, .

max}’ we obtain'an_équation for the

mean concentratlon as a functlon of (x, 1, Em),fi.e,,
c = c(x, i, cm)

From dimensional analysis and similarity to the velocity profile
4 0 .

within the boundary layer over a flat plate, we may expect that

S N RN " (4.4)
C

m

Morkov%P [3] developed the following expression which
describes the data of Poreh and Cermak [1] for (E/Em) versus
(y/x) with the following expression,

€ - exp [-0.693 (£)7] (4.5)
C

where a = constant which depends on the diffusion zone which

“~
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.. will satisfy the intermediate, transient and final. zones.

L 4.3, ;Théftontinuity,Equafiqn .1

A

. Assuming that the flow i approximately ‘two dimensional .
and that steady state conditions prevail,”the continuity equation
between theiinjection_sldt and ény'locatidn downstream may be

- Wwritten as

G5c;= [¥ed o o (4.6)
2 | |
whé%e'. u =0+ u'
and ¢ =¢+c¢

assuming c' and u' tend to zero.
Then

-

Gi;i=f(ﬁa+_“u- c™) dy
0 .

since

uf ¢! <x uc,-then u’' c' = 0

This is a reasonable assumption since even if u' and c¢' were
‘"perfectly correlated"”, i.e., if ¥ c’| = (;Tj 277)1/2 and if
the relative root mean gquare amplitudes of u' and c' were
"each about 20% of the mean value, the error in neglecting u' c'
compared to u c would be only about 4% at the most. Thus

neglecting ut c' is reasonable.
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= a_Tﬁerefofe" : C-
m‘\ "‘;\.
. [ "-
m ] g D g f@ ay s [ G £(8) dy
Q0 o N T
V' : ".“.’- :
Since A“is'inaependeﬁtidf ¥y,
‘ 5, .
| Ao T o1 =
G; ¢4 a0 F o L —
—— = (37) (g) " f(g) dg +. | £(§) dg (4.7)
u AC. B | : . .
max"m b : 5 ,
: o X
-~ LAt A

4.4, The Eddy Diffusivity.

The continuity equation of the dye without chemical
reaction can be written as

follows:
€ _ (2 GEr 2 e L wd) - (ZuTet s aTer + Lowren
t (Gxuc * gy Ve * gz we) - (G u'c + gy uich + g wic
2- 2- 2-
+D E5+235+25 (4.8)
/ © 23X Yy 3z
For steady state conditions and two-dimensional flow the
continuity equation can be reduced to
ac 3C , g (AU, 3vy _ 3 (pdC  gremy 4 2 (pd€ | g
Yax TV 3y ST ay) 5x (Dgx - u'e’) + 3y ( 5y V€ )
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. - ) ) ,,
The cont1nu1ty equatlon of an 1ncompre551b1e mlxture can bc
' wr1tten as follows:

N

(4.1q)

From Equations (4.9) and (4.10) the'continuiLx—equzfﬁﬁfqigf:;;
,;___ﬁ___—a&fffustun—6f—fﬁ'—*""'“"’""——*""ﬂﬂddd*ﬁdf’#

€ injected Newtonian (dyed) solution will be

ar
(gLl

ch
%
+
<

Q| ax
%Inl
|
F
o
il
&
[}
=
a
.
+
o>
oY
o
Q)
0

Except near the source, a boundary layer approximation becomes
possible [13] and gives

[ 4]
&
+
<\

= 2
oy

(D 8c | vich)

<A
-

(4.11)

Integration of E

zuation (4.11) may be achieved by using
* the distribution functio

of the concentration
the experiments.

obtained from
Purthefmore

by dividing Equation (4.4) by
Equation (4.7), the following equation can be obtained

PR Uhe f(g)

3— _[ f(g) dg
T'IT



“boundary i@fer, i.e.,

6 .
£(50) > 0

ds -
: = Ay W n+l
B " -1 () - (7
3x A Y S 12 T
| . : | (%-*1) (4.13) )
, (6o £ (@) FTPER :
, A dx’ 172
From the continuity equation for the mixture
Y -
oo 3u
v = - 3% dy. .
. Yy _]__
n d s
=13 Y T dy
n max £+1 dx
5 (s )7
. k18
1 n+l \ . prlod & (4.14)
= u C —3y o
n+1  Ymax (€) ) (Gn) . Tdx
From Equations (4.12) and (4.14)
1
—+]1
;e 1 %% et 40
y n+1 A ) s A dx

(4.15)
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By’ :ntrodUC1ng Bquat1ons (4 13) and (4.15) 1nto

_-Equatlon (4. 11) - o T }' éﬁh
. : - . : A o .
- | . = ds ° .
£) ()M E () gt - (B
* - ° ki .
S (n 5y - "
l+1 PR l+1) A (4.16)
BAGIGE L 1 f’(E)(E) T o
32 n+1 s . dx .

By partial integration, Equation (4.16) can be reduced to:

1 o
- G. c. (—+1) ‘ ds /
3 — T 1 A
IS - Ve = - 4o HEE 2y £ ()" (-G )
‘.‘ ‘-;-: l“l n -. 3 | |
g . i . . ﬁ‘ (4.17)

Since the molecular diffusion is very low.compared to

the turbulent diffusion, it is justified to neglect the molecular

diffusion except near the surface. An equation for the turbu-

Las
:,

v
o)

lent diffusion can be deduced_as follows:

G. c (1+1)

ver = 112 ) (a) (1 -

1
+]1

p=

n

A d §

ji .
n+l E: dx ] will be

‘The order of the dimensioﬁless factor [

much smaller than one where,
_\\\
n =17 . éL =0+ 0.6 at the most

(
d 6 ‘
—5~ 1s much smaller than one and equal to zero at the final

zone.
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o 1;_Thercfore 1t 1s Just1f1ed to reducc the equat1on oflthéf;"

EE turbulent dlffu31on tof

I =[C—;1T—All}zr—) f(e:) (&:) I C 2% X B

By ‘introducing the eddy diffusivity defined by

p(® g'-,.tvt.c_'/(aa/ay)”],l A (4.19)

‘-Treatlng Equatlons (4. 12), (4 18) and (4 19) 51mu1taneously

we obtaln

L _ 5 S I
" (&) | ' CRNIR R
. | - €y -
,/ D o= Unax ( )(——J ()" Ty | A _(4-?0)‘

Equations: (4.18) and'(d;ZD) give the7turbu1ént‘difoSion
and the eddy diffusivityiat any location in thé'ldhgitudinal
or vertical directions, and is_valid except near the injection

slo% gf at the surface where the mblecular'diffusivity will be
‘ﬁromin;ntf Equation (4.20) shows that the eddy diffusivity is
proportional to the diffusion.ﬂoundary layer growth where it
‘can be useh for diluted polymer solutions at low concentations.
By introducing Equation (4.5) into Equation (4.20),th§
folldwing general equation for the'eddy diffusivity at the

different zones can be obtained.

1
NO 1 - dr, , 2 (2+3-2)

= 0.69%a * Ymax (Hf)‘(5 STy " (4.21)



 CHAPTER 5 . |
) | -RESULTS' s

"In thlS chapter the exper1menta1 data are presented
7,w1th some explanatory comment The exper1mental data are.:

ltabulated in Append1x 2.

L e

F1gure 5 shows a plot of non- d1mens1onal veloc1ty

profiles, i. e, ﬁ/ﬁmax versus helght over/the flat plate for

a locatlon upstream of the test sectlon and at three 1ocat10ns

. over . the test sectlon for a fully opened 1n1et valve. " Also

shown Ain this graph is’ the boundary layer growth profile together
with a 1/7th power law proflle [14] ‘F;gure 6 shows a plot of

_non- dlmen51ona1 u/u max _versus non-dimensional height y/én at

the three locations over the test section together with a 1/7th
power law., It is apparent from all the velocity profiles and the
boundary layer thfckness growth diagrams that a 1/7th power

law quite. accurately descrihes the empirical data, thence the

14

-velocity profile'and the boundaryxlayer thickness can be

o

_approximated by the following equations:“\\g

T~ T
1 |
IT] n ‘ .
Lo = (@D KR © L (5.1)
A u n .
max
8 -0.2 |
— = 0.037 (Re ) """ : (5.2)
X



Flgures 7 9 10 11 and 12 show plots of the con-
Eentrat1on proflles c/c versus the helght over . the flat plate f_f
‘.w1th1n the test sectlon at f1ve 1ocat10ns downstream from the

"“-inJectlon slot for water and polymer solutlon 1n3ect1on at d1f-ﬂ

ferent 1n3ect10n flow rates and concentrat1ons., It 15 seen

fthat for water 1nJectlon all the concentratlon proflles have f

R the same. trend whereas the concentratlon prof11es for polymer

solutlon 1nJectlon can be d1v1ded into at least two zones.f The.'.t

_f1rst zone 15 one in Wthh the concentration: gradlent is very
-ysteep and the second is a zone in wh1ch\the concentratlon grad-
~-ient tends to approach ‘that of the water 1n3ect10n.: It seems

that the 1ength of the flrst zone is a funct1on of the polymer
1nject10n concentratlon and the 1nJect10n‘flow rate. ‘Figure 13;
*shows a plot of non- d1men51ona1 concentratlon proflle c/c

verSUS the non- dlmen51ona1 helght y/k at the flve locatlons forl
water ;nJectlon. It is apparent‘that'the non-dimensional ‘Con- .
centration profile E/Em for the water infection is a function
of the non—dimensional height.E‘ only'and-independent of the

- location from thehinjection slot. It is seen that the result

can be presented by the following equation:

N {;!= exp [-0.693 (%)a] : , (5.3)
Cu1 !

where a = constant.

Figure 22 shows a plot of non-dimensional wall concentration
°n Ymax
. u,

i Y%

injection. The result c¢an apparently be presented by the

. . . X
versus the non-dimensional location (E) for the water




- equation: . ..

max _ o, (X2l oo o (5.4Y -

: T

R T NS
,Fignre 23:shoﬁsithefgrbwthvbf-a represeﬁtative difquion
‘j'thickness-defined by g versus the 1ocat10n downstream from

nthe 1n3ect1on slot for water 1n3ect10n. It is apparent that

- within the ve10c1ty ratlo (u

max/u) used in the experlments that,

A is a funct1on of only the location downstream from ‘the’
fanectlon‘slot and the results can be presented by the equation:
A= bé'(x) o : . - (5.5)
F1gure 24 shows a plot for the growth of a representative
dlfoSlOD thlckness with respect to the boundary layer. thickness
(k/& } versus the non- dlmen51ona1 location deflned by (x/ﬁ )

from, which it is apparent that (E—) tends to approach 'a censtant
S 1 )

value of 0.45 at 35— = 15,
av

Figures 14, 15, 16, 17, 18, 19, 20 and 21 which are
only for the developed concentration profiles-show plots of non-
_dimensionai concentration E/Em versus a non—dimensional height
y/l'for injections of polymer concentrations of 50, 100, 250,
500 and‘1500 w.p.p.m. "It is apparent that there are four zones
that may be described within the test section length. The
length of those zones depends on a number of factors.

Figure 25 shows a plot of non-dimensional wall concentra-

tion (Em ﬁmax/ci u;) versus the non-dimensional location down-
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stream from the 1n3ect10n slot (H) for polymer 1n3ect1on con-.

centratlons of 50 and 100 w. p p .M. The data of. thls can be

presented by an equat:on of the form - _:h"

m - max ' . ] - o o o o

e

‘7F1gure 26 shows the growth of a representatlve dlffu51on
' thlckness A_versus the locatlon X . for a polymer 1n3ect10n
concentratlon of 50 W. p p.m. It is seen that x:is a funct1on of

he 1ocat10n downstream from the 1nJect10n slot for the range

of u ax/u"i.-'used in the exper1ments.’

Flgure 27 shows a ratio of a non- dlmen51ona1 polymer
wall concentratlon_compared‘to thevnon—d1mens1onal.water wall

concentration defined by

m

0| _ni

(=40 -1
Ol -

= cfr

~versus the location x for polymer injection concentrations-of

50 and 100 w.p.p.m. in which case the wall concentration for
polymer solution injection is smaller than for water injection.

. This means that the diffosion rate for polymer injection is

higher than for water injection for the low injection concentration
used in these experiments.

| Figure 28 shows the relation between the ratio of non-

dimensional concentration

C u c u
(Cm max) /( m max)

- u. c. u. W
1 1 P 1 1l



' versus .the non-dimensional polymer injection flow rate:

‘max

iIt appeafs that the wall concentratlon for the polymer 1n3ect10n f 'P
- flow low polymer 1n3ect10n flow rates w111 decrease when comparedr.
to‘water 1nJect10n as mentloned prev1ously:and w111 1ncrease
: f.agaln as the polymer 1n3ect10n flow rate 15 progre351ve1y |

1hcreased

Flgure 29 shows ‘the non- dlmen51ona1 dlffu51on boundarv

1ayer growth -— and the wall concentratlon versus' the non-
TI’
d1men51ona1 polymer 1nJect10n flow rate
ﬁ x .
max

It appears that.the‘representatife diffﬁsioﬁ boendary Jayer thick-
ness A will ihcrease inlthe region on ﬁhe graph representing the
low dimensionless ﬂolymer injection flow rate and then decrease
again for the higher non-dimensionel polymer injection flow rate.
The representative boundary lafer.g{owth can be approximated by

the following straight line equation:

G. c. -G, ¢©
A op, (21 +oa for ————— > 10
Sx 4% x 4 u X
max max

\ .
It seems that the wall concentration will be proportional to the

non-dimensional polymer injection flow rate such’that

& =be (A1) for 11 < 4x108



-‘where for h1ghcr values of the non-dlmen51ona1 polymer 1nJect1on fff.5

'f‘flow rate, the wall concentrat1on w111 1ncrease very rap1d1y.
'_VUnfortunately, there are 1nsuff1c1ent data avallable to determlne--

.the exact shape of the curve for values of

'—1——l—L>_S-x-ld;§7'w'

.Flgure 30 shows a plot for the ratlo of the calculated
u1u3ect10n mass flow rate to the measured value versus: the locatlont'
_-x; It appears that theqcalculated mass flow rate. w111 decrease
for hlgher values of x whlch means that the d1ffus10n w111

: extend outside the h/drodynamlc boundary layer..“



CHAPTER 6

AN LYSIS AND DISCUSSION L
. {_‘_, o . N R f‘:f% ,.
Iﬂ thls seCtlon the results wlll be dlscuSSEd in deta11

Fgf ggnvgnlence the data have been deflned by the fOllOWlng

VA : ¢
| §e{}es_1'/-_2  smailest,injection flowlrate‘
' §éii§§ ? . ‘medium ihjgction‘flow_r#te 
.Sefi§$.3. :. ‘fhizﬁ;st:injection‘fiow,faté:'
Lgéation L | x s 0.050 m. |
. ngﬁﬁion 2 - x =0.146 n.
- Leeatien 3 , b 0.304 m.
L'ﬁ@atiéh 4 'x = 0,558 m.. =-\

Leeation 5 x = 0,844 n,

- Furthermore, the deductions are made with respect to

the experimental rénge of the parameters which are:

f:: varies between 12.5 to PZ

1}
nax
_EI_ varies between 6 to 36

E The cencentration profiles, see Figure 7, for dyed

water injection at varjous injection flow rates and at the
five lecations downstream from the injection slot can be

transformed into a universal diagram as shown in Figure 13, where

I3

36

L



'1t-1s-apparent that.the mean.concentratlon dlstrlbutlon c/c‘ﬁh
f'_W1th1n the experlmental scatter is- a {unctron of the d1mene1on-"
: less helght y/A. alone and is 1ndependent of the 1ocat10n and
" the 1n3ect10n flow rate. There are no d1st1nct 7ones in ‘the
_;_;f,;;_;_;longLtud1nal—range used *cogtrary “to” what m1ght be eEEEZt;d;;rom'“d-

[1] whlch 1nd1cated four zones within. ‘the same range —Thls is

AR u .
- ‘ : malnly because the _non- dlmen51ona1 veloc1ty deflned by Eax: is. .
: . : 1

very hlgh whlch means that the d15pers1on as a result of ~theh
h1gh veloc1ty ratlo w111 play an actlve role 1n the dlfoSlOH-
1n the 1n1t1a1 three zones and w111 reduce the length of these
zones enormously It is found-that the. equatlon obtalned‘by- |
1orKOV1n [3] based on the collectod data of Poreh and Cermak [1].
for the final zone of the dlffu51on from the 11ne slot can be
used to[represent the present data as shown in Figure 13 by the
following equation: |

_ on o o \

£ = exp [-0.693 G213 (6.1)
z |

which fits the data with an accuracy of better than +4%.
It was found that the mean velocity profile within the

‘hydrodynamic boundary 1ayer can be represented by the following

equation:

5.y (6.2)

By substituting Equations (6.1) and (6.2) into the continuity

equation (4.7), we can obtain the following equation:



R umak'écm"' B ' "':;////})>"-
G T e e T (6.3)
ST . f exp [-o. 693 (za)2 15] dg . - B
R
=

in whlch the numer1ca1 value of the second term approaches

zgrot The funct1qn
8

Ey }f 2.15
.- (8} exp [-0.693 (&) ] dE = constant value

. .‘7-. - ’ ‘. :--~' -'.1 : . : . . - - -
. since f:om.the‘experlmgnts F;' © 0.45 and G{, Cy and U ax
are also constants for a given test run. The continuity equation,
Equation (6.3), tHerefore may be reduced to '
A Em = constant (6.4)

By substituting the values of 1 and Em from Figure 7
into %guation (4.4), it was fouﬁd'that the value of (A Em) is
ra funé;ion of the location downstream from the injection slot,
that sy

b

- 6
by Cqh = 3 (x)

where b6 < 0 and therefore, the value (A Em) is decreasing 1n
the longitudinal direction downstream from the injection slot.

This means that the flow is either three-dimensional or that



e less helght g, 'since A c

'ZEQﬁétioh-(G l)histnotVValidlfpffthe‘ higthalues of theé dimenéioﬁ_

o Should'bc'a*constant‘

Measurements of the mean’ concentrat1on 1n°the transverse

dlrectlon 1nd1cated that althohgh the 1n3ect10n veIOC1ty was

not strlctly un1form ‘the flow fleld was approx1mately two'

d1men51ona1 s1nce the concentratlon ratlo between two’ longltudlnal

locatlons for the same helght was 1ndependent of z. It is

apparent that Equatlon (6 1) is not valld for high values of the

'non-d1men51ona1 helght E. - This is malnly because of the effect'

u
nax whlch w111

of the high value of the d1menszonless veloc1ty
Y1
reduce the length of the first three zones. Consequently the

1nJected solutlon will £1i11° all the boundary layer at X -12.5

Gav

_and then diffuse out of the boundary 1a{&f which explalns why

at the first 1ocat10n that the cont1nu1ty equation is approxi-
mately‘satisfied by Equation (6.1). Thus the concentration c

in the mainstream when y/a1T + @ hay_reptesent not only the
upstream concentration coming with the recirculated water but also
the diffu}ed solution from the injection slot. Since the area

of the teet_section'is about ten times that of the diffusion

area described by Equation (6.1),‘the concentration of the

‘diffused solution outside of the boﬁhdary layer will be negligibly

small. Hence the continuity equation can be written as follows:

@

1
— L =k, () f (£)° Exp [-0.693 (£)}°° 7] de¢ _ (6,5)

where K, = 0.31 (x)°° . (6.6)



= % 15,

t

o 40
-
8 -
;From‘the‘plot.of,Figure 24'of‘EL versus 35—' it is
oy : A T av '

apparent that §L approaches a/gohstant value of 0.45 at
N : ’ : . _ : g Va S - ]

Ox

X = /

§3V .

‘ _ a _
ile., - %0.45 - : | - (6.7)

T

-

which is the conditibn 0f.thé final zone déscribed by [1] where

EL approaches a constant value of 0.58 at =— ° 60. This

)
T av

explains why a universal equation can be used. Comparison of

" the present data and the data of [1] shows that the condition

»f the final zone should be cldse to the injection slot.

This is méinly,'as méntioned previously, because the lengfh
of.the first three z#nes is reduced. Consequently the value of
EL' will be rgdﬁced as a. result of the diffusion outside of

t;e hfﬁrodynamic boundary layer.

From the plot of Figure 22 of non-dimensional wall

concentration
c_ u
m max

C. R
1 ul

versus (ﬁ),it is apparent that the value of Em is proportional
to éi and uy and can be approximated by:

c_u
m max _ x,-0.834
— 0 - 25.63 (H) (6.8)
171
The rate of decrease of Em in the longitudinal direction
is in good agreement with the;experimental data of [1] for

the intermediate zone and is much higher than the experimental
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data of [1] for the f1na1 zone Consequently, the diffusion

rate o&t51de of the. hydrodynamlc boundary layer will bhe hlgher'

’

than for the case of 1] for the final zone-51nce the diffusion

of . the additives_béyond the hydrpdyxémic boundary layer into

¢

._;hé”méinStream will be mainly controlled by the turbulence *
. there which seems much higher than for the’'case of [1].

/ From the plot of Figure iS-df'A:versus x, it appears

that A is approxlmately 1ndependent of. the velocity ratio

umax

u.
1

, and can be approximated by:

= 0.288 (047 . _ ' . (6.9)

The rate of growth of A from Equation (6.9) for the
final none is smaller than‘that.described by [1] in the'inter-
mediate zbne, and higher thén that described by [1] in ;he'
final zone. Consequently, as mentioned previously, the rate
of diffusion is higher than that for the case' of [1] in
the final zone.

Attempts to obtain a universal relationship between
the concentration distribution E/ém as a function of % for a
50 w.p.p.m. polymer injection concentration gave considerable
‘scatter of points which infers that there is more than one zone
within the longitudinal length. Since it is seen from the
concentration profiles, Figure 8, that the initigl zone would
be prior to the first location in which there is a very
large concentration gradient. This suggests that the longitudinal
range represents the intermediate, transient and final zones.

It was found that the concentration profile, Figure 14, for E/Em
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for .the first location for all injection rates, and the second
and third locations for the“third series can be represented by

3

the following equation:

= exp [-0.693 (5)1'7]‘-‘ “ - : . . (6.10)
. . _ - L L

5""|m"

. s
It appears that the length of the intermediate zone is

- .
umax

dependent on

and Qi’ but the intermédiate zone will
i . _ : , :
only cover the first location for the first two series and will

Pl

cover_the first three locations for the third series. This

can mainly be attributed to a decreased eddy diffusivity as the
injection rate ificreases. Determining the length of the
transient zone is difficult because it requires excessive data

to cover ‘the longitudinal length completely.

-
o

It was found that the concentration profile E/Em for
polymer injection as shown in Figure 15 for the other locations

downstream can be represented by the following equation:

2.15
]

= exp [-0.693 (&) (6.11)

' e

swhich is the same for water injection data for the final zone.
,It appears from the previous two equations,}Equétions (6.10) and

(6.11), that for the intermediate and final a%ﬁqs, the following
- Hi

general equation may cover the intermediate,ftﬁansient and

final zones:

£ - exp [-0.695 (£)2] (6.12)
c
m

5
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The constant 'a' w111 be dependent on the locatlon downstream:* x

o from the 1nJect10n slot and the non dlmen51onal veloc1ty ratlo--

( max/u ) and 15 expected to be dependent on the slot helght

h and the 1n3ecf10n concentratlon such that . “','_ B o

X

g epT Max ; . SR e ‘
From the concentratlon proflles, Flgure 9 df SN R S’

cij= 100 W.p.p.m. for polymer 1nJect1on, 1t appears that all the

?ones are represented The 1n1t1a1 zone exceeds the first

locatlon in the flrst two serles and the second locatlon in the/

thlrd ser1esf Unfortunately, a general equatlon for this zone

cannot be obtalned 31nce an exact value for c : cannot be

accurately obtalned by extrapolatlon when the concentratlon} ""-";//
gradlent adJacent to the wall is very large. Consequently, A; : |

'

-“cannot be‘determlnedaln thlS zone. It 1s seen that the length

“of- the initial zone will be dependent upon umax/u and Q; -
;/ / .
.and‘h_hlgher Qs ui_~W111 be accompanied by a longer initial

zone. - The intérmediate zgne, Figure 16, covers the second

location in the first series, the second anduthird locations

" .in the second series,\and the third location in the third series.
In the last case, the intermediate zone can be represented'by
Equation (6.10) which is the same as that used for a <4 of .50
w.p.p.m. in.the intermediate zone. The'final zone, Figure 17,
‘will be the same as for the case of water injection and e:nctends‘__1

downstream for the rest of the test section. The general

equation, Equation (6.11), can be'used{to describe the final zone



| \for a- c.;of 100 W. p p m: of polymer 1nJect10nt"m o _ 7
| in the:case o£ a c of 250 W, p p m, of polymer 1n3ect10n, _;la
"Flgure 10 the 1n1t1a1 zone extends up to the thlrd locat1on
”]for all values of Q »" and the 1ntermed1ate zone, F1gure 18
COvers the fourth locat1on for the second and th1rd sé&nes.
It also'anpears that the tntermedlate zone is conflned-betweenl
the thlrd and fourth locatlons in. the flrst serles.e The o
'.;general equatlon Equatlon (6 10),.used preV1OUS1y to descrlbef
~_the 1ntermed1ate zone can also be used for the case of a‘c; of_c
oZSO W.p. p m. The f1na1 zone, Flgure 19 w111 extend to the

- rest of the test sectlhn. The same general equatlon, Equatlon_,

(6 11), for the f1na1 zone 1s appllcable for thlS case Wthh

flts ‘the data withih an accuracy of - 3%, whlch is in good
agreement Wlth the data of [2]. | e _
E In the case of a c.‘of 500 . p P m., Flgure 11 the
1n1t1a1 zone stretches to cover a dlstance up to the third |
1ocat10n in the £1rst two series and the fourth_locatlon in the
third series. The fourth location in the first two series will
nothsatisfy the general equation, Equation (6.10), for the
intermediate zone. It is_apparent that the fourth location is

‘somewhere between the initial and intermediate zones. Under

these conditions; the f1n81 zone, Figure 20, will include the fifth

'1ocat10n only for all values of Q;. The same general
\eQuation, Equation (6.11), will satisfy the final zone which fits
jthe data within an accuracy of I 3%. The data is in good .
agreement with [2]. It is apparent that by increasing the

quantity of the polymer injected, the initial zone will be greatly



.

as shown in Flgure 21 15“"

Coas

P

fexteﬁded compared to the 1ntermed1ate and the trans1ent zones.ef"
“,;Thls 15 malnly because the bulk of the addltlves wlll be B |
*.submerged 1n the V1scous sub layer and. 51nce the moleculaf

_d1ffu51v1ty of the hlgh polymer solutlon concentratlon is very

'tfsmall 1t is expected that the dlffu51on rate w111 e; very

small Whlch w111 result in a greater length for the 1n1tlal

"zone.m

In the case of a c--of 1500 W.DP.-P-. m.; Flgure 12, h

1n1t131 zone covers up to the th1rd 1ocat10n for all values

of Q.;‘ It seems that the condltlon of the’ 1ntermed1ate zone

descrlbed by Equatlon (6. 10) w111 not be achieved. W1th1n the

'. 1ong1tud1na1 range and the equatlon deecr1b1ng the last 1ocat10n :

=exp [-0.693 ()15 . . 614y -

-

N g7t e

i.e.; the last location will ee somewhere.Betﬁeen the initial
and intermediate zones. Equation (6.14) supports the hypothesis’
mentioned previously that the general equation, Equation (6.12),
will satisfy all of the zones. .
A cpmparigoﬁ between water injection and polymer

solution injeétion can be made. The first three zones in the

cas€ of water injection will be relatively short and insignificant,
The first three zones and eepecialiy the initial zone, will be

very significant particularly for high injection concentrations

and flow rates which disagrees with the enalysis made by

[6].



¥

Uf The wall concentrat1on for < 'e of 50 and 100 W.p. P m.

shown in F1gure 25 can be approx:mated by the follow1ng‘?a
':equatlon

—B_Pax -a7.668 (PO o (eas)

vérsus :x for él's of. 50 and 100 W.p.p.M. showed that (c )
'.smaller than that for water 1n3ect10n ThlS means that-for
\ery Tow (c ) '1n the range of 0 to 0.75 w.p. pa. that the
d1ffu51on rate W111 be greater for polymer 1n3ect10n than for
‘the se1f~d1ffuston of pure water which’ is in ggreement.w1th _‘:
112]. | | - |

o From the plot of‘F;gure 26 of A versus x for c; = 50Q
w;p.p.m., it is apparent that x.is approximately in&ependent

max

of the velocity ratio u /ui, and is only a function of x

and can be approximated by:

A = 0.186 (x)?:3° (6.16)

. It is apparent-by comparing A for c; = 50 w.p.p.m. to

‘that for water injection that at low values of x near the injection,
that A for water injection is higher than for the polymer solution.
Then A will be the same for both water and polymer injection

if (Em)p approaches 0.75 w.p.p.m. where X for polymer injection

=y



ety

“f;the change 1n the d1ffu31on rate 15 small

‘r,‘starts to be h1gher than that of water 1nJect1on.4 However

-

From the plot of Flgure 28 for the ratlo of the_~

pdlmen51on1ess wall concentratlon of the polymer and water

1n3eet10ns S -['L,‘ft' : 7',”'ﬂ_ c o f;'ﬁ"”
(Cm manﬁ /1cm“ max)
. C; Uy PO S b Cw
oGy ci~ : L :
Versus. ‘ 1nd1cates that the dlffu51on rate starts to
N d o
deore%se max‘ when (c ) > 0 75 W. p P. m. A general equatron‘for“
'(cm umax) /(Cm umax o .d o __fﬂf /,
c; n p c1 ui_ w - :
.as a_function of —5—-1— .cannot be obtained because'of'the'
U d - _
Ynax

. scatter of the p01nts in the graph however, the trend of 1ncreas-_--

ing diffusion for low polymer concentratlon and then decrea51ng

diffusion for h1gh wall concentrat1on is shown in the graph
S . - G; c.

From the plot of F1gure-29 for éL- versus _1 1

- : T " Ypax X

the followlng apprOX1mate ‘general equatlon can be obtained:

. e, .
Gl = 0,5275 - 0.18 x 108 (?1_&_..) (6.17)
v umax x o
' G. c.
for _1 i > 10-8
umax x ' d

~Equation (6.17) is only valid for a location downstream from

X

the injection slot where

> 50, . i.e., for the final zone.
av . :
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157' :Th1s graph shows that 1 1ncreases for low (Q ;) and then i

f;decreases for h1gh (Q c ), whlch supports fhe hypothe51s that a-"hxx

'the d1ffus1on rate w111 1ncrease for 1ow E ) and decrease .

"Lfor hlgh (c ) _ The wall concentratlon as a functlon of
. G. c. 7~ / o
*-;I:l;——-a can be obtalned from the same graph by the followlng
S X S _

" equation:- .

&, = 0.81x10® (229 wippm. - o (6.18)
- - u X R - : .
Gt C. ! - o
1 3 <c3.5x107®
for “max ¥ |
*. X .
3> -. 50
Sav ~
e . : . o . -
Unfortunately, there are not enough data to obtain an
| ' N ¢ PO . g -
appropriate equation for ﬁ%——ii > 3.5 x10 8, since in this
: o max - o
region’ Em will increase very rapidly. This can be attributed

to the fact thatlthe initial zone will p;évail over large distances
of the teat seatibn w#ich leads to a high Em in the final zone.
However, Figure 29 is very useful'for the design purpose. For

a (Em)p required to achieae maximum drag reduction at a given

X, a value for (Qi ci) can be determined from Fhe graph. Hence

the values for (Em)p for the entire surface can be obtained from
the appropriate relationship between Em and x. Hence the

drag reduction over the surface can be obtained. In this

case, a comparison should bc'made to obtain an optimum design,

keeping in mind.that increasing the polymer injection flow rate



jj?wlll lead to ‘a longer 1n1t1al zoneland a very hlgh c‘;'wh1ch
© may 1ncrease the drag in that area: but st111 achleves the fﬁw:'
'W‘requlred optlmum con(fktratlon downstream. However, decrea51ng:lif.'
. the 1n3ect10n flow rate w111 reduce " the length of the 1n1t1al
zone. butc downstream may ee lower than the optlmum value for
“the drag reduct1on. In th1s type of analys1s,‘the cost of the._

ipolymer should be 1nc1uded

'.6;1._‘ The Eddy D1ffu51v1ty

'From Equat1on (4. 21), the eddy dlffu51V1ty can be

| wr1tten as follows:

bhﬂ '

- D(t) F’E‘Q‘S‘ . “ma'g = @ 6.19)

"where a = 2.15 for the f1na1 zone.-l A o
| By 1ntroduc1ng the correct1on factor Kl into the_

continuity equatlog,-ﬁquatlon (4.7, Equatxosx(ﬁ.lgj_can be

modified for the final zone as follows:
: n

n+l 1

d(k; )

p{t)a 0,67 k, 2 ‘mu — 1 Tk ) () 0-07

(6.20)
\ :
Therefore, within the boundary layer, it is apparent
from the above‘eeuation that the eddy diffusivity 4s approximately

independent of the height above'the flat plate, but is a function

of . In the final zone, (&) . -0.07 approaches one for water

or polymer injection. For water injection, by substituting

A

the values of 2, T and K from Equations (6.9}, (6.7),
k-4



'Vand (6 6) 1nto Equatlon (6 20), the f0110w1ng equat1on can be

Lﬂobtalned N ST
ST (t);' - -6 043 U
SRS _'D‘ ‘Z&- .8 x 10 __”max“ m /ch. :f o (6.211
-whére~i is in mm and ﬁff"is-in'm'/sec.a

ax o
; Hence the eddy d1ffus1v1ty is’ apparently proport1onal =

to u_. and x. B

Hmax : o A o
' For polyméf'injectioh with a ‘c; of 50 w. p p.m. in the

final zone ‘the eddy d1ffus1V1ty can be obtalned ‘as. before,

from the followlng equatlon.

max

e n(t),_; L8 x 106 .x°°59 B m¥see.  (e.22)

' where x is in mm. and u___-is in m./sec.

ax |
A general‘equationléan be deduced for the eddy diffusivity

~ for each of the different zonmes. There are insufficient data

to obtain the correction factor for the initial zones. Hence,

an equation for the eddy diffusivity iﬁ the final zone only

can be obtained. By substitutingﬂthe value of 6 from Equation
(6.7) into Equation (6.17), since the hydrodynamic boundary layer
thickness was assumed gpproximately the same for water and

the polymer solution. Consequently, the eddy diffusivity

equation can -be obtained by using Equations (6.7) and (6.17), if

A3, 078 4 fellows, .
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Y el -aG C.: n. : G c,
R p(®) = 3x10 s:umax )0 43(0 5275 o 06Sx10 iiyy  g.3740. oleo G 114y
O - : -r-‘-Wmuf-- L O Ymax®
6. 23)

Consequently the followlng comparlson can be made for,

800 mm w1th u. S 4 m, /sec

: ma;g

36.5 x 1072

 3ﬁ(F).(whtér) mzféeci 

 D(t)'(¢i = 50 w;p;p.m.)‘# 50.18 x 10°° m%/sec.

. For polymer ihjection_ﬁith < ?*S;S‘Q.pﬁp.mf
'(Djét)‘='21.74 x 1075 m%/sec.

which shows' that for a low (c ) the diffusioh will-incréase;
while at hlgh (c, ) the d1ffuszon will decrease when compared
to water 1n3gct10n. |
Additioqal,exper}meﬁtal studies are needed to obtain
moreldafa in all the zones of ﬁiffusion to investiggte the
effect of the size and location of the injection sloi on

diffusion ang also to obtain the exact value of the wall con-

centration for the different zones, in order that the relation-

ship forthe drag reduction per unit discharge of the polymer

. as a function of the length of the flat plate can be obtained.

Ts1

&3
)Y



. CHAPTER.7T -
' CONCLUSIONS

A

—

*" As a summary to the previous discussion, the follow-, -

~ing conclusions may be drawn:

1) A~geheral‘equation'fof the chtentrétioﬁ distribu-

tion for water injection from a line slot in a

" two-dimensional fldwﬂcén'ﬁe approximated‘by.the ”

e
~d

following equation for the final zone.

£ < exp [-0.693 B o
" n co T T ey o |

There being no distinct zones noticeable within the

conditions
x ‘ ﬁmax '
—— = 12.5 to 82 and - - 8 to 18
av i )

which were used in the experiments: the first three

zones must therefore be within the range of X_ =0

6.
. - av
to 12.5. Furthermore, for water the functions
A “m Ymax ' J
Ay 3 and —u__ ©can be approximated by the following
n ii
equations:
A = 0.284 (x)0-47 (7.2)
v A -
= 0.45 (7.3)
w

52



.2)

3)

4)

I T
M _MAX . o563 (PO-RMO (.
CoCyuy TR _ e :

IR S § , | L . o

The diffusion figld'for pdlyﬁer-sblution injcction
can be divided into fourzones; - an initial, an
intermediate, a transient and a-final zone. A
general equ;tion ﬁor.the_cohcentration in the flbw~

field for all thejzoﬁés'cah be written in the'folldw—

\

_‘ing.form,'

= = exp [-0.693 (%131‘ . o : (7.5)
“m o T ) -
' ?here'

a=1.7 - for the intermediate zone

a = 2.15 for‘thqffinal zone

The length of the different zones will depend on the

actual polymer injection rate Q. c. and the velocit
- J i Y

u
N max
ratio .
v

i

¢

A comparison between water and polymer solution
injectionS‘shows‘that for water injection the length
of the first three zones is relatively short and
insignificant, while for polymer injection the length
of the first three zones and ﬁérticularly the initial
zone is very significant.

In general, it can be stated that within the range

of the flow parameters for the present research,

the diffusion rate of diluted drag reducing polymer

is increased for very low wall concentration, that is,
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when 0 < n < 0.75 w. p'p m. w1th a maxlmum d1ffus1on

rate when Cn 1s about 0 S w. p p m.
It may. alsp be stated that as the cdncentratibn at .
the wall 1ncreases above the 1ncreased dlffu51on

rate range, the diffusion is greatly reduced w1th

’ - 1ncrea51ng concentratlon

Lastly, for;cm > 0.75 w,p.p.m.,(i.e.;‘abovg the
increased".diffhsidn:rate répge), the fuﬁctibn for -
~ the relative diffﬁsibn thickﬁesslklsﬂr can be-
approximated by the following equatiqn._.' S

[ 4

fi = 0.5275 - 0.18 x 10° (gi ix) S (7.6)
max
g
where =— > 50 *
av
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Calibration curvcs of thc rotomotcr reading vcrsus i

'}injcct1on flow rate for var1ous polymcr conccntrations are.

ff shown in f1gurc 31, Thcse dagp for the . curvcs wcrc obtalﬂcd

i‘by ‘passing a. known conccntration of . polymcr solution through/ _fJ
£

~‘the rotomctcr and volumctr1ca11y mcasur1ng thc flow rate by

R |

 t1m1ng g;vcn valucs of fluid to pass through thc metcr.

. Thc calibrat1on curve for detcrm1n1ng thc opt1mum -
: exc1t1ng wave 1cngth for Rhodam1nc WT is shown Ain Elgurc 3z, i
.Thc data for thls curve Werc obtamed by applymg var1ous ' p
ch1t1ng wave lcngths for thc same conccnt£¥t1on j The calibra-
- tion curve for the relation between the conccntratlon and the
opt1cal density 1s-shown in Figure 33 an# was obtained by
~applying the optimum exciting wave length for the known con-

centration,
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7 LU CAPPENDIXZ .
P e S S "nm’jm':,;z'.sg

" QiT..: Thc cxpcrimcntal data for thc conccntrat:on\measurc-" S

- _ﬁments for. < }\ 50, 100 250 soo and 1500 w.p.p.m. for the

'gvar1ous 1n3cct1on flow ratcs arc shown in Tables 1 through 18

1nc1u51vc..

The chOC1ty rat1o o u data are also shown in Tablcs
max
19 and 20. All thc data in thc tbblcs are sclf cxplanatory.
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"-Tablciib

e

e

~

1,0.D. = 22000 .

Tl - TaAR LN

LERM 8

i a{o’; .“

. Fﬁ.ﬂ TANYG ..

TN gkl R EAL g v E I,S") 271 Y T- 2N
Te135 1794 Ah1 . L7R 7A7 200
1,770 774 ETR LA 742 LT
2,4M5 VY LAM oAaTs, 2hT '
3,N4N0 177 CARN 139 2721 100
A, ATS 3 LR _ B 7 o S
4,310 C17.5 164 216 | . 19y 1A7
P/ F Y ’ B = ] 17, . . iy
FecRN B RN “11h, 1€.1 ' 164
FefED ' ' LPLE T roa
A, 170 an LT 121

0,200 )

RNCTYY A 16 63

11,200 : A0 45
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Velocity data prior to the test plate @ x‘= 4.572 m./sec.
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