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CONSTANT WALL TEMPERATURE HEAT TRANSFER
[N DRAG REDUCING ADDITJVE FLUID FLOWS
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ABSTRACT:

This work presents an experimental and theoretical study For heat trans-
fer in & fully developed pipe Mow of drag reducing edditive Mluid.  The
study 1s carried out ot constant wal]l temperature heat transfer condition.
Different concentrations of polymer sdditives; 10, 20 and 50 wppmi are used
throughout the study. The results age compared with Lhose of pure water
flow a8 8 Newtonian. Experimental results show dersstie reductions in heat
transfer as well as the lrictional drag sssocistes the addilion of polymer
additives to water flow,

Heat transfer predictions were carried out by an analytienl model deve-
laped by salving the momentum mnd energy differential squation for biw case
of constant wall temperature condition, The proposed Model uses the modi-
fred van Driest eddy diffusavity model Ln addition to Lhe pasumption of o
constant value turbulent Prandt]l muwwber ( 6 = 0,055, The predicted reoults
ngres very well with the experimental values.

NOMENCL A TURE ;

AT, Viscous damping coefficient
An Viscous damoing coefficlent in Mewtonian Flow
A8 lpward shift in log region of the stroamwise velocily peofyle
Cp  Specilic heat at cunslant pregsure
f Frietion factor F = 2Tw/9 ug
c Function given by equ.(9)
H Fuhction given by egu.{10)
k Yon Korman's conslonl & = .4
k Thermal conductivity
M Nusselt number
q Radial heat [lux
e Radial heast Flux sg wall
6+ Dimensionless radiol heat Mlex g= = q:’q”
r Fadiel distance
1] Pipe rudius =
R™  Dimensionless pipe radius R* = R v/ ¥
Re  Reynolds pumber, Re = 2 U R/ y
5t Stanton numbec, St =q, UY“ T3
5tu Stanton number based on centeeline Fumhl.um. §t - q /SC Ilh(T =13
T~ lemperoture il ¥ 9
7, Dimensionless temperature, 1'= (1 -1} C T 7 u
T‘I'k Dimensionless mean bulk temperatufe P
s Dimensionless centreline Lemperatuce
u Stream wise velovily
us  Shear velocity, ug = JT/9 "
u, Dimensionless streomwine velocity u” = w/u,
Uy, Dimensionless mean bulk velecity

* A Ph.D. Student.
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u+  Dimensionless centreline velocity

y* Dimensionless distance from the wall y*= y ug
B Constant of equ. (14)

By  Constant of equ. (12)

& Edtlv diffusavity of momentum

En Eddy diffusivity of heat

Kinematic viscosity

Density

Prandtle number, & = §C ch

St Turbulent Prandtl number 67 =

EEN

EJEH

T  Radial shear stress
'q{ Wall shear stress
+
€

Dimensionless radial shear stress, Q? & ‘T/q}‘
z :
d=q77

1. INTRODUETION

Most of heat transfer studies, so for,pave been carried oub wi.
Newtorian [luids, ond most often the fluid has been water or ate. In fac.
Lhis represent the most immediate intrest in every day life as well as
indusktrial processes. However, with Lhe increase ol wur technology sophis-
tication, a grealt reed for the study of non Newtonian Iluids inereases wsnd
becomes essential. (ne of the non Newonian Fluid types is that of drag
reducing additives or the viscoelastic fluids. They have recejved wides-
pread attention due to the tremendous reduction of the frictional Jrag thab
associates their turbulent flow compasred wilh Lhe Newtormian one. A [ew
parts per million of some polymers added Lo Lurbulenl water (low can red-
uce the frictional drag by almost 80% [1,2]. In fact, many industrial
processes involve fluid flows inherently have drag reducing charactrislics
such as fpod processing, paper's production and manufacturing of chemicals.
Maturally, primary attention has Eeen given Lo study the momentum Lransfer
which determines the drag reduction and the changes in the flow struclure
which associste drag reducing fluid (lows campared with those of Newbtomian
one [j—i]. later on, the interest in heat and mass transfer in these flows
increase, and a number of studies 1s now available. The experimental work
of Gupta et al (4], Metzner and Friend [5], Debrule and Sabersky [67 ,
Smith et al [7] Mc Mally [B], and Kwack et al. {271 show large
reduction in heat trensfer similar to that of frictional drag. HMost of
these studies were carried out at constant wall llux condition. (he resu-
Its even show considerable scabter due to shear and thermal degradation.
Some analytical and numerical studies have been made to predict heat trans-
fer in drag reducing fluids [11 - 15). Various assumptions and approxi-
makions have been introduced in the different models to solve the boundary
layer energy equation, Ghajar and Tiederman [11) uses Lhe cddy JiflTusi-
vity of Cess[16] together with Lhe experinental tata of friction to predict
heat transfer coefficient, Dimant and Poreh [12] uses a modefied van Driest
Ii?] eddy diffusivity model to integrate the energy equation numerically,
Kale [13] uses the =ddy diffusivity of Deissler to formulate an analylical
expression for Nu. Smith et al. [14) use lour different models foc eddy
diffusivity to predict heat transfer in drag reducing flows. Their results

N show that eddy diffusivity models of Mizushina et al. [I18] and van Driest
[17] have better performance compared with the other considered models.




tansoura Bulletin Yel. 11, No. 2, December 1986 M. 73

Yoon and Chajar [15 Jin a cecent work used lhe eody diffusivily Jue lo Cess
[16] ror momentum and three different models for heat. They recommended
Reynolds analeay for dilute solutions. Hizushina and Usui's [19] model at
minimum heat transfer condit:on for the ¢ase of concentrated polymer solub-
iong. Cach of the proposed models corrglates satisfactoryly some sels ol
dala and falls to agree with other sets. ECven though, the validity and
limitations of these models should be evaluated further with mare reliable
experimental dota which covers both constant wall tempersture and constant
heat flux conditions, wide range of polymer concentration different, Clow
conditions and different polymer types. Unfortunately this Lype of dala is
not available as discussed above. [fforts should be made to generate Lhese
data.

In thas work an expecinental and analvtical study ave presented for
the heal transfer in fylly developed pipe flow at constoni wall temperature
condition. Experipents are carried out with dilute solubions of polvacryl-
amide at different Mow conditions and polymer concentratien., An analybi-
cal expression {or dimensionless heal tronsfer coefficient (Stanton number!
using the eddy diffusivity model of van Driest is given.

2. THEORETICAL BACKGROUMD

The @nalysis presented here 1s similar to that developed hv Rabie [20]
for heat transfer in non Newtomian drag reducing Fluid flows. Ina fully
developed pipe flow of an incompressible fluid, one can wrile Lhe monentum
and energy equations as;

| ol
-5 T:E'":-:!-_' ':r (r{y*e)%} ..... ()
and k
. 21 ] 2 o ] 21 .
u zx - - 3].' {,f t. ?Eu b z.hj byl »---o‘.(.l

The radial heat and momentum flux can also be written in the form

ar* A : En.
du’ =—%'_i {1 -Ely) " ("_6',]""1' _1;1' 00040(5}

Most of previous heat transfer models gssume that q /T = 1. With
this assumption, thore is no difference between constant heat flux and ron-
stant wall temperature modes of heat transfer. In order to fined the exact
rolgtion. the enerqy and momentum equations are integrated Lo give Lhe fol-
lowing for the case of constant wall temperature condilion,

vt
1
- a/ ‘R'I' 3 Y*) U!-rl- dyf
T . ¥ b N 5 ®= . iehaba (4)
U T s T (R" -y) dy
o

For flow and heat transfer predictions, the differential equalions of
momentum and enerqy (equations 1 and 2) are solved by assuming expressions
for eddy diffysivities of momentum and heat (€& Eh) respectively. It is
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vepy common to relate both heat and momentum eddy diffusavilies through the
turbulent Prandtle number 8L ( &L = £/ & ). Hence, only nne expression for
eddy diffusivity is needed for both momentum and beal. 1In this work the
eddy diffusivity of van Oriest is used. |l is reconmenced by meny investi-
gators [12 & 78] For flow and heat transfer predictliors in drag reducing
fluid flows as well as Newtomian ones. It is given as [17]

2 +
f'— = (K y')z (1 - oxp (- y"',M"izj -d—u'_— B
' dy
and N
' 2T” DRRPPRRR (3
uy" 1 +EI #h (kf}-’! (1 - exp (-f / ﬁ+]:1 T+]

This model eontains two parameters k und A” . The paranerer k 15 o
canstant and has a value of 0.4 Tor hoth Newtenian and drag reducang fluld
flows, A" is the viscous damping coefficient which has a value ol 2 2o for
Newtonian fluig rlows. [ts vulue ivcresses in dreg veducing additive flows
and depcnds mainly upon the level of drag redugtion. A iz related to the
upward shift in velocily distribution oB as [12] .

AV = 2% exp (( B8 4 39.6)/(24.6) - 4.0) suantfl

n
where A: 15 the Newbonian fluid Tlow value which equais o 26.

Introduring the turbulent Prandtl number and integroling eqgualion
{3) from the wall Lo the centreline gives

& 2 iz

) tu = e'ts+ ( ‘w- th"H s-.--{a’
where; ot .
G = J g (du" /dy™) dy” seis (9]
a ¥ -
R+ - . & j_ .
H = ﬁ (d‘-‘ -’d}’ )/f1 A R E— :1dY n...“ﬂ)
J %

and @ =q /7" which is given by relalion (4)

Ihe twa integrals G snd H were carried vub numerically using bhe
eddy diffusivity model of van Driest. Ihe results can be approximated as

G = 0925 &, U jand cenbil )

-0.25

H = B.75 & + 0.685 ( A4B) o022 ool 12 )

For pipe llow, Stanton number is normally hased on bulk temperature |_.
Kader and Yalgom [107] suggested an expression for Lhe relstionship befeen
Sl and Stn, based on the assumption that the bemperature distribution in
turpulent thermal layer is a logerithmic one, as
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5t ) 5l.°
&
wheto; B, = 1.5 (— )

In a similar manne , assuming that the otreamwise wvelocity profile i Jis
reducing Fluid s in the form.

U'I—L"Lﬂf‘#s"‘al‘-E"l'cgﬁ ﬂ.f"fﬂ’h.' T Lr

the following reloticnship between bulk (average) velocity UJ and the ci
treiine e Il; ia derived as

s = ] LR 14
U= 1, - A
1.5 P 4

whore gLt — {1 - —!-}

4 k i 7t
Hence, the dimensienless heat Lransfer coefficient {Stanton number) van Ui
given as;

5“ r,z olrllh"'

.25 &, (fUr«pl st e-e ) H-p,
Far fully developed thermal and hydrodynamic layers, i, 4 mwd P a2

|4

assumed Lo be 0.4, D.85 and 0.2 respectively. As a result, B and £‘| sy
found Lo be 4,07 and $.375% respectively. Hence equation (15) rcan be a0

As:
&k 4 Yo/ enaai 3
0.706 y 2/7 + ( 6~ C.85) K - 0.175

Thls expression qives Lthe dimensionless neat tranafler coefTicient witn ihe
Wnowldage of the fraction factoq "M and Prandt]l number ™ &%,

3. EXPLRIMENTAL 1ECHNIQUE

The cbject of this work is Lo stugy hest tranafer at constant wall
temperature condition in drsg reducing additives in corparison with Newtoo-
lan (weter) flows. Both hest tramsfer coefficient and friction Factor aiv
Lo be measured. An experimental rig is designed and conatructed for thal
purpose. [t is » gravitational open flow system. A schematic diagraw of
the system is shown in figure (1). It mainly consists of two low lines:
water flow and concentratud polymer solution lines. The two flows sujiply
a mixing chamber where bolh water and concentraled polymar sclutions ace
mixed teagelher to the required concentration. lhe dilute solution, then
Flows to the test seetion and finully Lo the drain through o centrd fugal
pume to avoide wmechanicul degradation of polymer addibives before 'fie Les!
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As shown in fiqure {115, water 1s supplied from a constant iwad Gaver-
Flow tank of capacity 0.6 m - dnother one of capacity 0.05 w is used
for concentrated palymer solulions. Both tanks are placed at a level 5.5m
higher than that of the test section and 7.0 m higher than the discharre
level, This ensures reasonable flow rate under the gravibty action. However,
the pump is sometimes used for higher flow rates. [he test section is &
16 mm diameter copper tube of 100 ¢m length. 1t is enclosed hy 411 ¢n dia=
meter 3hell of 100 cm length. The shell is supplied with saturated steam
at 1007 to heat the Flow in the test section. Ihe use of salurated steam
ensures constant wall temperature condition. The condensate is collected
and the rate of condensation is measured. An electric steam yeneralor is
used to generate the steam required. To avoid axial Flow of heaf, the
test section 18 enclosed between two tube sections made of insulating mate-
rial (Teflon},

Water and moncentrated polymer solutien flow rates are measured using
caliberated orifice and float meters.Control valves are used to control the
rate of water and concentrated solution flows to the required (low rate and
average concenlration of the dilute solution. lhe Lest seclbion s provided
with two pressure taps 25 cm appart Lo measure the pressure drop using a U
tube manometer. The manometer's liguid used is CClg of 1.593 specific
gravity. The inlet and outlet flow temperatures were measured by two cupper
- ronstentan thermocouples fixed at the inlet and outlet of the test section.
The test section is also provided with four cupper - constentan thermocoup-
les to measure the average ua*l temperature. The temperature 13 measured
relative to the ice point (0 “C) by electric potential developed scross the
Lhermocouples terminales using a digital voltmeter with 0.01 mv resolution.
The heat transfer rate is then calculated from the (low rate and the tem-
perature difference between inlet and outlet as;

U=mcep {Lb - I.h_)
o i
Heat transfer coefficient, friction factor and Reynolds number are calcula-
ted at mean bulk temperature {tb = Lth ¥ tb y o2,
a i

4. RESULTS

It has been demonstrated Lhat the addition of minute quantitics of
high molecular weight polymers to turbulent flows drastically reduce both
momentum and heat transfer (1] . Ihis work presents a study of heal |rans-
fer &t constant wall temperature condition in a pipe Mlow of drag reducing
additive fluids. The results are shown in figures (2 & 3), where the fric-
tion @nd heat transfer coefficients of water and dilute polyacrylumide sol-
utions are plotted as function of Reynolds number. Throughout this work
three polymer concentrations are used 10, 20 and 50 wppm regpectively.
Experimenta were carcied out with a fluid gemueraturn of 22°C ol inlet and
outlet temperature range of 27.5°C to 38.5°C in pure water flow. his g
corresponds to an average Prandtle number cf 6.2 to 5.4 . In dilute solu- '
tion Flows, outlet temperature is i1n the range of 23.5 to 28 giving an
average Prandtle number values of £.55 to 6.0 .

Figure (2) shows the friction factor “f*" as function of Re. uater
flow results show slightly higher values of friction factor caompared with
literatur's daka represented by Blasius formulas
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F = 0.079 Re“u‘zs

fhis may be due to Lthe fact that the pipe 15 not smoolh enough. lowever
water flow dala has Leen given for reference purpase only. [n dilute pal-
ymer salulion of" 10 rppm, evperimental resulte chow reduced values of the
friction factor compared with those of water flow data. The reduction in
friction factor increases with e up te 25,000 and delriorates at mgher
values of Re. This festure iz snown previvusly by Debrule and SabPrsky's
data 6 but at higher values of e (Re = 150.000). This detriocation (%
thought to be due to shear degrodalion af palyeer molecules.  [he resor-
kaeble low value o Re al whiich ghear degratation oocurs is sbrange uel way
be dye to chemical degradition of the polymer because of long storage
{ebout % years). Llong storage period acually reduce the average molzculac
weighl of the polymer and reduces its eifeckbiveness as a deag reduger, At
Re = BOOD, 10 wppn toncentralion gives J58% reducLiun i feiction, [hig
Hieresses to 635 al Ne  3U,0ll. Tor didute solutions of 20 and S0 wppm
concentrations, the results glve slightly different picture within chy
rarge of Reynolds number of the experaments. Ihs reduction in friction
factor increases with Reynolods numbor wilh a relaxing effect at e 30,000
- 40,000, gavang a maximum reduction af 755 « and 78% (o 20 and 30 wppn
respectively.  This 1s in sgreement with literatyres data [(1-3] .

Heat transfer regults are shown in figure (3) where experimental values
of dimensionlegs ficat transfer coefflicient (Stanton number 2 ) srg comparea
with (hose predicled by Lhe present rocel. ln general, heai bronsfer resu-
lts are much simllar to thase of friction factor for dilute polymer solat -
wns,  Allhough water low vesulls are shown tor the relereoce porpose onle,
tt;:e-y show very good sgreement with available heat transfee daln represenled

4 .
Nu= 0.021 Ra?® &0 %3¢ &, €, 0.25

as shown tn Figure (3). The results also chow exccllent agreement wilh pre-
dicted values. Oulute polyascrylamde solulion results exhibil substantial
reduction in heat transfer coefficient. For 10 wppm polyacrylamice concent-
ration, the reduction in hest transfer increases with (ncrease in fleynolds
nuaber up to Re 2 30,000 and then decreases with further incresse in Re
fhis behaviour 13 nimlar to thal of Itictienal resistance, AL Rp == o,000,
the measured value of heal transfer teductions about 40% compared ot a
predicted value of 30%. [bis increases Lo 60% at Mes30,000 and |hen decce-
sses bo 455 abl Rea 50,000. For 20 and 50 wppm cuncentration, the raduct-
1on in heat Lransfer associates the addition of polyacrylamde to the flow
increases with Reynolds nurber, e.q. 60% reduction 15 found at Po 8.900
increases te about Bo% al Re » 40,000. Ln general, these resulls show
excallent agreement with predicted values at high Reynolds nwmber. Aut At
low Reynalds number, predicted beat Lransfor results are sboul 20% higher
than thope experimentally determingd. This difference may lie attributed

to some experdmental errors in wessuring the tespecalure of oryg reducing

flows as thal Foyund with Pitot tube aud hot wire [film) anemomeler mensyres
ments [ 27
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9. DISCUSSION

The above mentioned results shown in Figures (2 and 3) confirm the
fact that dilute polymer solutions exhibit large reductions in both heat
and momentum transfer in turbulent Flows. Many physical models have been
proposed Lo understand the phensmenon Virk [21. Non is capable of expla-
iming its different aspects. In a trial to do so, we have Lo understand
the mechanism by which momentum and heat are transfered from the wall to
the core of the Flow and possible influence of drag reducing additives
upon such mechanism.

Recent studies {21 - 23] show Lhat the flow in the near wall region
is characterized by a structure of countre - rotating vertices which has
a quasi - cyclic rature. It grows in a similar way to that of Lhe laminar
boundary layer over a flat plate, until it reaches certain Lhickness.
fhen, it starts to oscillate and finally detaches from Lhe wall and e jecls
oul to the core of the flow. Such phase is followed by a sweep action nf
the fluid incomng from the core to the wall region ta replace the ejected
one and start a new cycle. The momentum and energy transfered by molecular
diffusivity during the development phase are transfered ta Lthe flow during
the cjection - sweep phase of Lhe vyrle. The Frequency of occurence of
such process is actually a measure ol the rate of transfer in Lurbuient
flows [22] . It has been, experimentally, Found Lhal the presence ol
macromolecules increases the resistonce of the flow to elengational Jdefnr-
mation and vortex stretching. Therefare, 1t is thought thal polymer addi-
tives decrease the rate of development of the flow structure ncarby (he
surface. Hence, a substanbial increase in Lhe bime belween bursit ojeclions
i3 experamentally found [3] in drag reducing additive flows comparcd wilh
Newtonian uvnes.  This results 1n the large decrease in the rate ol Lrans-
fer of momentum, heat and mass. Due to the decrease in the [requency of
the viscous layer ejections, an increase in the thickness of the viscous
layer 1s experimentally found and an increase in the van Driest damping
coefficient. A" is assumed as given in pelabtion (18). In fact, experimental
results confiom Lhe analogy bebween heal and momenbum bransiee assumed o
Lhe mathematical model and explained Ly Lhe physical wodel discussed ubuve.

6. CONCLUSIONS

This work presents on experimenlal and Lheorebical amalysis Moo con-
stant wall temperature heat transfer in dilule polyacrylamide solulions.
The results exhibt substantial reductions in both frietion and heat trans-
fer compared with waler (Newtonian} flow, It confirms the analocy between
momentum and heat Lransfer in drag reducing additive fluid flows. [This
actuslly tends to substantiate the thought that drag reducing additives
damp the turbulent motion nesr the wall reducing the frequency of flow
ejections to the core. As a result, a reduction in the rate of transfer
of momentum and heal oceurs.
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