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Abstract  In presemt work, the iaminar forced convective flow mn elliptic pipes is stidied Tre (low tnthe
Jhermal entrance regror u considared assurmang that its  hyarodynarmicatly, hily developed. In thhis work the
tlow in pipes 15, thecreucally and experimentzlly, analyzed Constant heat flux at the walls of the pipe 15

~ongidered, [n theoretical study, 2 mathematical model describing the Rlow 1s suggested According to tins
model the dependent and independent variables of momentum and energy equations are redefined, such that
the aspect ratio as a parameler of the problem i3 eluninsted. Consequently, the solution of this model is no
longer dependent on the aspect ratio and hence is valid for all eilipiic pipes. in experimental work. a testrig is
designed and constructed The wells of the tested pipes are electrically heated to satisfy the constant heat flux
ooundary condition. A cempanson between the expenimental and theoretical results is carried out ang alse a
comparison between these results and those of previous studies s made. Pipes of aspect retios of 0404,
0575, 0636 and i.00 are examined. The considered range of Reynolds number is 1600- 2200 The heat fux
range1s taken as 12 4 - 25.4 kW/m®

1. Intruduction

The study of heat transfer process inside tubes is of great importance from industrial
application point of view. The heat traosfer from horizontal tubes is studied, theoretically and
experinentally, by many researchers. According to the available previous studies, the deep
understanding of hydrodynamic and llwrma.] developing forced convective flow inside tubes
requires more investigations.

Convective heal transfer in non-circular tube for fully developed flow was studied by many
invesligators {1-5]. Henry Barrow  ctal. [1] studied the flow and heal transfer in ducts of
elliptic  cross-section.  Waler (Pr =6.5) wus tested in tubes of aspect ratio of 0.316 and
0.415. The range of Reymolds was 1000 to 3000. J. Malak ot ul. [2] studied the effect of
channel geometry on friction pressure losses and heat transfer process. M. A. Ebadian et al.
[3] studied the convective heat trassfer in tubes ofelliptic cross-section of constant wall-
temperature boundery condition.. In theoretical analysis, the successive approximations



M.13 M.Mabgoub, M.C. Wasel, A.A. Xamel, #.G. Mousa

method was employed using e!liptic coordinates. Jalil Ouazzan [4] studied the fully developed
mixed convective flow between horizontal plates. He used the available data for laminar
forced convective flow in pipes to explere the effect of length and shape of the entrance
section. M. Kawviany (5] shidied laminar combined convection in a horizontal amnnulus
subjected to constant heat flux inner wall and adigbatic outer wall. finite difference
approximations were applied to analyze the problem numerically.  Heat tranefer in tubes
with deformed inner surface was examined by many investigators {6-8]. R. M. Mang]ik et al.
(6] and S. W. Hong etal. {7} studied laminar flow heat transfer in semi-circuiar tube with
uniforrn wall temperature. The result define the lower bound ot heat transter augmentation in
circular tubes with twisted-strip inserts. C. Prakash et al. [8) studied laminar flow and heat
transfer in entrance region of an intemally finned circular duct.

Convective heat transfer in entrance region were studied by many investigator  [9-13].
O. Butterworth et al. [9] studied forced convetive laminar flow heat transfer in the eatrance
region theoretically and experimentally. In this work, heating was started at different stages of
flow developing. R. F. Babus 'Hag [10] studied ,experimentally, steady swate local heat
transfer coefficient for laminar flow of air inside an electrically heated pipe. Q. M. Lei etal.
[11] studied. numerically, forced convection of thermally developing laminar flow in circular
sector ducts. Hlan Quarmby et al. [12] the effect of finite length on forced convection heat
transfer from cylinders. L. S. Yeo [13] studied the {aminar flow convective heat transfer in a
channel and pipe. An znalvtical solution of flow in the entry region of a heated vertical
channel is presenled.

In the present work, the heat transfer by forced convection for the case of the flow inside
elliptic tubes 1s studied experimeatally and theoretically. The case ot thermally developing
flow is considered. The boundary condition of uniform heat tlux at the pipe wall is examined.

2. Experimental Work

A layout of the test loop, used in this study, is shown in figure(1). Water leaves the
collecting tank and flows through the test section , where it is beated electricaily by heating
coil . Then water enlers the sheill and tube heat exchanger to decrease its temperature (o the
original value ( before entering the test tube). The water is circulated through out the test loop
by the circulating pump. .

Temperature at injet- and outlet-cross sections of the test section is neasured by glass
thermometer while the values of wall-tetnperature along the tested pipe are measured by
copper-constaatan thermocouple. Water flow rate is meusured using calibrated orifice plate.
The pressure drop across lhe test section is measured by U-tube manometer. Four tubes of
aspect rahio of 0.404, 0.505, 0.636 and 1.00 are tested The dimensions of the unreformed
wbe are 0.9 m loag , 19.8 mmn outer diameter and 0.4 mm thickness. Experitents are
carried out for water flow rate range of 4-10 kg/hr. The applied power to the electrical heating
cotl is calculated according to the relation;

w' =/ Ry
where V, w' and R, are the applied voltage, produced power and resistance of the heating

coil, respectively. According lo the foregoing equation, one can calculale the net heat
transferred to water through the pipe wall as;
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where Q.. and Q.. are the net heat transfer to water and heat loas from insulation layer,
regpectively. Congequently, the heat thux can be obtained as;

q = Ql‘lﬂ /‘4! ]
where 4, is the total surface area of the tube. To calculate the bulk temperature of water along

the fube, one can divide the tube into a set of elements and carries out 2 heat balance of each
one. The bulk temperature a1 certain position can be determined using the following relation;

Onwe 2/1
Tu-]’ = —a - - + ?(
m' e,
where Teop . Ty . m , ¢ . z and [ are the outlet temperature from the element, inlet

temperahre (o the ~lement, mass Oow rate through the tube, specific heat of water, length of

element and the tbe length, respectively. The mean temperature of the water 7, of each
element s estimated by the relation;

Tu = (Tl-rf.!-Tt)/E

Local heal transfer coefficient, local Nusselt number and Peclet number are evaluated
according to the following relations;

=gl (Te-Tu ) | My =hazik Pe,=( pcyuz }/k
where k, p, andu are the thermal conductivity of water, density of water and mean velocity
of water.

3. Mathcmatical Model

In the following analysis, steady incompressible lammar flow 18 considered. The flow 1s
assumed to be, hydrodynamically, fully developed flow but, in the same lime, it is thermally
developing. According to the boundary layer theory, this assumption appears to be valid for
liquids of high wvalues of Prandtl number { Pr> 1) since the hydrodynamic eniry tength is
reluhvely very small. As shown in tigure {2), cylindrical coordinate system (r, 8, z) is used to
express the flow governing equations. In the present analysis, Newtonian und constant
properties fluids are considered. The axial pressure gradient is assumed to be constast. Both
axial heat conduction and viscous dissipation are assumed to be very smail. The lamaar
forced convective flow is described through the following equations;

2 22 ;
—é--u-é—-i- lﬁu + _E,- OUZ B _Lf__P ' ()
& r rodr re 88 i z

2 2

(33';+_1_é‘?+_l_é‘T=PC,,H T ’ )
adr r dr rt a6t k z
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equation (1) is the momentum equation, where the inertia terms are not appeared because the
flow is assumed to be axial fully developed flow. In the energy equation, equation (2), the
convective terms including tangential apd radial components are neglected. The energy
dissipation term is assumed to be nil. Equations (1) and (2) must satisfy the following
boundary conditions;

Ju aT
—_ =00 =q0.0 at  r=00
or ar
(3)
. ar g
ufr8) =00 ; — =-.— ar r=r,
ar z

To express the governing equations ( 1- 3 ) in suitable simpler form, one defines 7 in terms of
aspect ratio of tube cross section ana 8 as:

r=a Vecos'® +m sin’@ . (4)

where m 1s the aspect ratio defincd s the ratio between the minor axis ( 8 ) and the major axis
(A4 ) of the mbe cross section (m =58/4)and r represenls any point on the ellipse of
major axis a corresponding to 7~ ¢ domain. Accordingly, the value of r corresponding to the
tibe wall ( r, ) is given by ; '

ro=A ¥ cos® +m 5in'@

) (s}

where A is Lhe major axis of tube cross section To put the flow describing equations in
dirnensionless form, one introduce the following definitions of the dependent and independent
vanables as ;

{ = 4 ’ Z" L :
AJenszﬁ +m* sin’ @ AP,
. -T u
R ATE s g ; (6)
. C UpA
u ::fip-. Azfﬂ . Pe‘—_-_-g_____?__

d= k
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where Pe, is Peclet number based on the major axis { A ) and Z is the dimensionless horizontal
distance. With the aid of the previous definitions and the governing equations of the flow
(equations 1-3), the dimensionless forms of momentum and energy equations and their
boundary conditions can be derived as |,

du 1 d U
+ = — =1 ) 7
d R R dR @
P 120 52o , (8
J R* R @R 72

equalions (7-8 ) must satisfv the following dimensioniess boundary conditions ;

¢
=00 . — =-10 ar the wal! (R=1.0)
IR
)
ai dp
—_— =00 ; — =00 ar the tube center (R=00) .
R R

Equations (7-9) arc the dimeanstonless form of the governing equations. Due to the
transformation of dependent and independent variables, this derived dimensionless form of
goverming equations describes an axisvmetric flow, ses the modified system of coordinate(R, 6
and Z ) in  fgure (3). Solving equations (7-9), velocity distribution across the tube and the
temperature distribution across the tube at different positions along the tube can be predicted.
Accordingly, the physical quanties of’the flow such as the heat transter coeflicient, Nusselt
number and coefficient of friction can be determined. Nusseit number and coefficient of
friction are defined through the following relations;

hA %,
Nu=—  ; = —— , {10)
¥ pu’l2

where Mt and C; are local Nusselt number and local cofficient of friction, respectively. A
and @ are the local heat transfer coefficient and shear stress at the tube wall, respectively.
They are defined according to the following relations;

q du .
h= ——— .=y ——) ; (11)
(Tu - Tu) r "~

with the nid of equation (6) and equations (10-11), one cau define Nusselt pumber and
coeilicient of friction in torms of dimensionless variables as;
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, ! d
G Re=Tx oo 5 M=o o ey (3
Average Nussell number can be determined as;
e L " v ez (13)
Z % )

Momentum equation (¢qa. 7) and energy equation (eqn 8) are solved, numericaily, using
finite divided difference techaique. According to this technique the governing differential
equations (7-8) are transferred to two sets of linear algebraic equations as;

Ao+ B U +CG U =D i (14)
Al g + Bl ¢ + Cl, @ = DI , (15)

where the coefficients of equations (14-15) are defined through the following expressions;

A;=2R +4R , Bi=-2Ri
C,=2R-4R g Di=2(aR) R,

(16)
AL =2RAZ +ARAZ Bl=-[4 R AZ +20i (AR R.] .
Cli=2R AZ - MRAZ DI, =-2U; (4R)’ R, p.

Since the momentwn equation is an ordinary second order differential equation, it is enough to
solve it glong the co-ordinate R (from R =00 to R=1.0), as it is illustrated in figure (4).
Because the cnergy equation (eqn. 8) is a partial differential equation of second order and of
parabolic type, it is convenient to solve it, for certain value of Z, aloog the vector R ( from R
=10 to R=0.0) and then the solution is carried owt in a repetitive manner along the tube axis
(at different values oI Z),see figure (4). A computer program is designed to solve the
previously describe theoretical model to analyze such present flow.

4. Resuits And Discussions

Although four pipes of different aspect ratios at different flow rates and heat fluxes are,
experimentally, examined;, some results of the test of the pipe of aspect ratio 0.636 are
presented in this paper. Temperature distribution along the pipe length is shown in figures
{5-6). The temperature of water increases as either mass flow rate or heat flux decrease.
Nusseit number versus Peclet number is presented in figures (7-8): It is clear that, Nusselt
number has a highest valuc at the inlet of the tube and then it decreases rapidly inthe
peighboring part of the pipe. Then it decreases slowly uatil it reaches an asymptotic value.
Thig asymptotic value seemg to be the same for all values of mass flow rates.




Mansoura Engineertag Journal (MEJ),Vol.21, No.4, December 1996 M.18

In the following figures the results obtaived by solving the mathematical model are
presented. Figure(9) shows velocity profile. As a result of the definition of the dimensionless
variables of the probiem, singie velocity profile satisfies all hydrodynamic fully developed
flow, whatever the aspect ratio is. On the other hand, figure (10) shows the dimensionless
temperatuse-distnbution along the pipe length at different dimensionless posilions Z As it is
mentioned before, these temperature profiles are vaiid for all pipes of different aspect ratios.
At every position along the pipe, the temperature has the maximum value at the wall and then
it decreases rapidly near the wall and beneath this region it decreases, relatively, slowly till
it reaches its mimimum value at the center of the pipe. As it is expected, the temperature
increases in the down stream direction. Figure (11) shows local Nusselt number along the
pipe. At the entrance of pipe, Nusselt number goes to infinity thea it decreases rapidly nearby
the entrance cross section. Then it decreases slowly going to an asymptotic vajue of 4.385. A
comparison between the experimental and theoretical present work is shown in figure(12). As
it 1§ clear, the deviation between the experimental and theoretical results is smaller as the
value of aspect ratio increases. Also acomparison berween present and previous work is
presented in the same figure. The validity of theoretical model is clear in this figure. A
correlation for average Nusselt number as a function of aspeet ratio, Prandtl number and
Reynolds number is made. This correlation and the corresponding experimeatal result are
shown in figure (13). This derived correlation can be written as;

Nu= 125 R pyocort 056t

5. Conclusion

In e present work a theoretical model is proposed to analyze the torced convective
larainar flow in pipes of different aspect ratios. This model is valid for ail pipes, whatever
the aspect ralio is. A serics of experiments are carried out, such that they cover the flow 1n
pipes of wider range of aspect rauo compared with the previous available works. A
correlation for average Nusselt nuraber as a function of the flow parameters 18 derived.

Nomenciature

Major axis of the elliptic cross section of the pipe , m
Surface area of pipe . m’

Minor axis of the elliptic cross section of the pipe , m
Specific heat of fuid , kI / kg °C

Diameter of the tube , m

Hydraulic diameter of the tube , m

Convective heart transfer coefficient, W / m’ °C
Thermal conductivity of water, W/ m °C

Length of the pipe, m

Mass flow rate , kg /s

Aspect ratio

Pressure , N/ m’

Heat rate , W

Wall heat flux, W/ m’

Radial Coordmate, m

Electric resistance of the heater , Q
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outer tube radius, m

Temperature , °C

Wall temperature , °C
Dimensionless axial velocity
Characteristic axial velocity, m/s
Axial velocity, m/s
Dimensionless axal coordinate
Axial coordinate , m

€

NNECaHHD

Greek Symbols

8 Angujar position , rad.

p Density , kg /m’

m Dynamic viscosity, Ns/m’
P Dimensionless temperature
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Heat Exchanger

Water Tank
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Water-Circutation Pump

Figure (1) Schematic Drawing of Experimental Test Rig
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Figure (2) Actual Tube Configuration Using Cylinderical
Coordinate System

Figure (3) Transformed Tube Configuration Using Transformed
Cylindenical Coordinate
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Figure (4) Tube Discretization Used in Numerical Solution
a) Numerical Marching Scheme m Axial Directioo
b) Cross-Section Discretization
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