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Abstract:

Experimental and Numerical investigation of heat transfer enhancement in shell and

helical coil tube heat exchanger is carried out in the present work. Experimental work
included design of helical coil heat exchanger with different curvature ratio and coil pitch.
Three helical coil tube heat exchangerswith different curvatureratio (D/d) 12/1, 15/1, 17/1,
20/1 and 24/1 are studied to choose the optimum one. Four helical coils with different cail
pitch 1.8d, 2d, 3d, and 5d has been chosen to study the effect of coil pitch on heat transfer
coefficient. From experimental results the curvature ratio 17/1 gives optimum helical coil.
Experimental results show increases of coil pitch lead to increasing in heat transfer
coefficient of the shell side and indicate that convective heat transfer is increased by
Reynolds number as well as Dean Number.
Numerical geometry has been built using ansys fluent package 14.1 commercial copy
with solid work and gambit software program depends on the optimum design . Numerical
results show that the temperature decreases along the coil and the temperature difference
effect on heat flow along helical coiled. Also thereis different in temperature between each
turn. Empirical correlation has been developed to predict Nusselt number at helical coil.
The comparison between numerical and experimental results show good agreement.
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Nomenclature

List of symbol

Ac : Cross sectional area (m?)

As: Surface area (m°)

Cp : specific heat (J/ kg.c”)

D : Coil diameter (m)

d: Tube diameter (m)

De: Dean Number

g :Gravity acceleration( m?/s)

h : Heat transfer coefficient (W/m?.C")
k : Thermal conductivity (W/m. C*)

L : Length (m)

'm: Mass flow rate (kg/s)

N : Number of turn

Nu : Nusselt number (h .d /k)

P : Pitch (m)

Q : heat rate (W)

Re : Reynolds number (-)

T : Temperature (°C)

u : Inlet velocity to the coil side ( m/s)
V : Volume (m?).

V. Velocity to the shell side (m/s)

Subscripts
av : Average
bs: Base fluid
m : mean
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Greek Letters

H: Dynamic viscosity (Pa.s)

v: Kinematic viscosity (m?/s)

p: density (kg/m°)

o: Thermal diffusivity (m%s)

@ :Viscous dissipation function.

Introduction:

Enhancement of the heat transfer can be achieve by employing various techniques
methodologies such as increasing either heat transfer surface or increasing heat transfer
coefficient between the fluid and surface that allow high heat transfer rate. In general, the
enhancement technique can be divided into two types. active and passive techniques as the
following:

1- The active techniques require externa forces, e.g. eectric field, acoustic, and surface
vibration.

2- The passive techniques require special surface geometries such as roughness surface,
treated surface and extended surface or fluid additives

Both techniques have been used for improving heat transfer in heat exchangers. Due to
their compact structure and high heat transfer coefficient. Curved tubes have been introduced
as one of the passive heat transfer enhancement techniques. Helical coil heat exchangers as
shown in Figure(1l) are common equipment found in many industrial applications running
from solar energy applications, nuclear power applications, chemica and food industries and
many other engineering applications.
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Fig .(1) Heat exchanger with different coil (1,2,3)
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Heat transfer rate of helically coiled heat exchangers is significantly large because of the
secondary flow pattern developed in helical coil due to the centrifugal force (Dean Cell)
caused by the curvature of the tube Dean'™. Therefor helica coils shown in Figure (1) are
well known types of curved tubes, which have been used in a wide variety of applications.
Drived et al. ¥ investigated numerically the effect of secondary flow on laminar flow heat
transfer in helically coiled tubes both in the fully developed region and in the thermal
entrance region. The results obtained from predictions were validated with those obtained
from experiments in the range in which they overlapped. Xin and Ebadian ¥ studied the
effects of the Prandtl number and geometric parameters on the local and average convective
heat transfer characteristics in helical pipes. Five helica pipes with different torsion and
curvature ratios were tested with three different working fluids. The results showed that for
the laminar flow region the Nusselt number changed significantly as the Prandtl and the Dean
numbers increased. Based on the present data, new empirical correlations for the average fully
developed were obtained .Naphon [ studied the thermal performance and pressure drop of
helical coil heat exchanger with and without helical crimped fins. Cold and hot water were
used as working fluids in shell and tube sides respectively, at different flow rate and different
inlet temperature. The results show that for increases in mass flow rate and hot water, the cold
water temperature increases. The average heat transfer rate increased when hot and cold water
mass flow rates increased. It was also reported that heat exchanger effectiveness was effect by
inlet hot and cold-water mass flow rates and inlet hot water temperature. Gorgi
investigated experimentally the mixed convection heat transfer in a coil-in-shell heat
exchanger for various Reynolds numbers and various dimensionless coil pitches. The
experiments were conducted for both laminar and turbulent flow inside coil and the effects of
coil pitch on shell-side heat transfer coefficient of the heat exchanger were studied. The
particular difference in this study in comparison with the other similar studies was the
boundary conditions for the helical coils. The results indicate that with the increase of cail
pitch, shell-side heat transfer coefficient isincreased. Jayakumar and Mahajan [6]performed
an experimental and CFD estimation of heat transfer in helical coiled heat exchanger.
Experiments were conducted five different flow rate through the coil and at the helical pipe
inlet for three different temperatures. Measurement of the flow rate (hot and cold fluid), inlet
and exit temperature, the heater power input, and pump were carried out at steady-state. After
validating the methodology of CFD of heat exchanger, they considering the actual fluid
properties instead of a constant value is established .The experimental results are compared
with the CFD caculation results using the CFD package FLUENT 6.2 and give good
agreement .Ammar " studied heat transfer coefficients of  shell and helically coiled tube
heat exchangers experimentally. Three heat exchangers with different coil pitches were tested
for both parallel-flow and counter-flow arrangement. Water was used as working fluids in
shell side and tube side. The target of this study is to investigate the performance of different
shapes of helical coiled heat exchanger and to simulate the numerica work .
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Theoretical model:

The main purpose of this study is concerned with the design of helical coil in different

coil pitch and curvature ratios. So the basic design of helica coiled as shown in Figure (2)
have basic assumptions as follow:

Steady- state condition.

Both fluid pass through shell and coil side pass in cross pattern and both side of heat
exchanger wall with no cross or transverse mixing

No change in flow phase inside heat exchanger.

No heat generation within heat exchanger.

The simple design of helical coil heat exchanger including estimations of Incropera and
Dewitt 1

C

Fig .( 2) Section of helical coil

heat transfer rate through helical coil (hot side)

Q.

=mep(T-T) e (1)

heat transfer rate through shell side (cold side)

Qu=mep(T-T) e @)

Thermal load of heat exchanger can be calculated from:

Q, =UA.LMTDF  mmmmmmmoeeee- (3)
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The simple log mean temperature difference that is use in equation (3) can be calculated
from:

Correction factor that are used to correct the log mean temperature difference for any
deviation in this study from tube paralel of counter flow is0.90
The thermal performance of heat exchanger was quantified by the overall heat transfer
coefficient. The local heat transfer coefficient can be expressed by:
dO

1 1 d. 1
+ +

UA_h Ch—— s (5)
A 20K hA

The average heat transfers rate can be define as:

Qa=(Qn+ Q)2 e (6)

Where: Qav is the average heat transfer rate between the cold portion (shell side) and hot
portion (inside coil).Pethkool .

Heat Transfer Coefficient Inside the Coils

Xin and Ebadian ! developed empirical correlations for the average fully developed using
to calculation of heat transfer coefficient inside helical cail

Nu = (2.135- 0.318De™ PO e (7

Where :20>De>2000, 0.7>Pr>175

The Dean number, De, is a dimensionless group in fluid mechanics Dean'™, which occurs in
the study of flow in curved pipes, and is defined as :

.05
2

De=RED
eDg

In this study experimental heat transfer coefficient can be calculated from Newton's law of
cooling:

Qa=hiAs(TsTm) e 9
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Heat Transfer Coefficients Outside the Coil(Shell Side)

The heat transfer coefficient of water consists of combined effect of free and forced
convection heat transfer mode according to the parameter (Gr/Re?). This parameter gives an
indication to the dominant heat transfer Incropera and De witt .

A review of experimental data suggests a correlation of the form:

NUy = (NUfy g £ NU Tl ------------------------------------------- (10)

comb natural

Forced Convection Heat Transfer Coefficient

In calculation the heat transfer coefficient ho based on forced water flow, the empirical
correlation due to helper was applied Incropera and Dewitt 1.

Nups)=CRe™ Pro3 (11)
(

Free Convection Heat Transfer Coefficient

The calculation of h, for each coil can be aso based on the assumption of natural
convection.

Nu=048Rag%® e (12)
Rayleigh number,
Ra= (@B)/90(TmsocT ma) do°  eeeeemememememee oo (13)

Critical Reynolds Number

Ito H.* developed the following empirical correlation to determine the critical Reynolds
number

.0.32
Re, = 20008519
eDg

Experimental Test Rig:

The schematic diagram and photo of the experimental test rig isillustrated in Figure
(3)with the following details:
1. Heat exchanger included an external shell and internal helical coil.
2. Hot and cold water resources included; main heater, water pumps, cold water storage tank
and pipes.
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3.

4.

Measuring devices included ,water flow meter device with deviation error of(+5) ,
Eighteen temperature thermocouples namely (T) type were calibrated with an error (+ 6
%).These thermocouples have been fixed in the inlet and outlet of helical coiled and shell
side and the others are fixed on the wall of helical coiled and digital control temperature.
Accessories included: auxiliary heater, valves, selector switch and thermometer .
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Fig .(3) Schematic Diagram and Photo Experimental Rig

Experimental procedure of present work includes many test using different shapes of

helical coiled tubes (coil 1,coil 2 and coil3) as shown in Figure (1). All specification of these
coils are shownin Table (1, 2) respectively. The experimental procedure steps are:

1
2.

Mixing ice with distilled water to supply the system by cold water.

Preparation of hot working fluid by using electric water heater (boiler) and then pumping
to helical cail.

Pumping the require amount of hot and cold working fluid through the test rig and then
record the flow rate. In order to control the flow rate entering to the shell and coil side a
global valve are used.

Measuring and record the temperature along the helical coil and shell side.

Repeat steps (1-5) for coil 2 and coil 3.

All the tests in this study will take place after reaching the steady state condition. The

tests were performing in a counter flow.
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Table .(1) First group of helical coil (different curvature ratio)

Specification Coil1 | Coil 2 | Coil 3
Outer diameter of coil mm 161.5 190 228
Inner diameter of coil mm 152 180.5 | 2185

Outer diameter of tube mm 95 95 95
Inner diameter of tube mm 7.93 7.93 7.93

No of turn 14 12 10
Pitch mm 2d 2d 2d
Length (m) 8 8 8

Table .(2) Second group of helical coil (different pitch)

Specification Coil 4 | Coil 5 | Coil 6 | Coil 7
Outer diameter of coil mm 1615 | 1615 | 1615 | 1615
Inner diameter of coil mm 152 152 152 152
Outer diameter of tube mm 9.5 9.5 9.5 9.5
Inner diameter of tube mm 7.93 7.93 7.93 7.93

No of turn 14 14 14 14
Pitch mm 1.8d 2d 3d 5d
Length (m) 8 8 8 8

Numerical Model

Numerical ssmulations allow the analysis of complex phenomena without resorting to an
expensive prototype and difficult experimental measurements. The need for the full Navier-
stokes simulation of complex fluid flows arises in numerous engineering problems. In order to
analyze the flow field inside helical coil heat exchanger a solution of conservation continuity,
momentum and energy equations are required. Because of complexity flow of helica coil.
Thus numerical techniques have to be used to solve those equations. This part analyzes the
flow inside helical coil using governing partia differential equations in three dimensions that
are based on conservation of mass, momentum and energy equations.

Geometry System

The geometry system in present work consists of helical coil tube having inlet and outlet
portion, cylindrical shell aso have inlet and outlet portion. This system drawing by using
Commercial software program called solid work premium 2012 .
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Governing Equation

The conservation equation for continuity, momentum, and energy equations can be
written as follows Ver steeg and Malalaseker a,"™ with the following assumptions :

1- Theworking fluid is water and the flow characteristics are steady state.

2- Newtonian fluid.
3- Incompressible.

4- Threedimensiond .
5- Laminar flow.
- Continuity Equation

rge_lﬂ(rvr)gﬂ(vqumg

=0 e (15)
& Tr r Mg Tzg

-Momentum Equation in the r —component:

Mol G, O Ei), 1Y 2% 10 1P,
r

r——+r . T ro,
g w1 2y & T oo Pl P WO
------------------------------------------- (16)
-Momentum Equationin the ©® —component:
. 2 2 F
rM+r§/rM+v ﬂv“ +Vr L4y, — ‘Hv 0 ﬂai_ﬂ(rvq)g+i2ﬂ_vg+%m+ﬂ_vg_ }E.ng
t e r rfg9 r 2o frer r g r"M9° r"9 2" 5 r o
------------------------------------------- (17)
-Momentum Equation in the z —component:
rM+r€[\a/rﬂv +ﬁ_'ﬂz+ ‘Hvo aa_'ﬂae'ﬂvQ 1'|Tv ‘va 'HP rg,
fit ' r g “fzg "Er'nre o r’f9®> 1225 1z
------------------------------------------- (18)
-Energy equation :
.. A . 2 2710
rcp£+rcp§§/r£+V—q£+v2£9:k%§ig?ﬂgg+izﬂ-l;+ﬂ1-g+m°
it e Ir r g Yz g rifre freg r°9q 127 g
------------------------------------------- (19
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Solution Method

A control-volume based technique that consists of the following steps is used for the
solution of governing equations Versteeg and M alalasekera,™*Y:

A grid is generated on the domain.

For velocity, pressure, and conserved scalars, algebraic sets of equations are constructed

by the integration of the governing equations on each control volume.

Discretized equations are linearized and solved iteratively.

The pressure-based solver allows solving the flow problem in either a segregated or
coupled manner. Ansys fluent provides the option to choose among five pressure-velocity
coupling algorithms . For this study pressure -velocity coupling SIMPLE agorithm are used .
In the present case, 1000 iterations are requested. If the residuals are still not below the proper
values, then additional 500 iterations are requested as shown in Figure (4). In this study a
residual is 1x 10 is achieved for conservation energy to avoid divergence solution, the under-
relaxation isimplemented as follows:

0 new=(1-a) @ previousta@ calculated (20)
B0 1S the new under-relaxed value of @.

Dprevious - 1Sthe value of © from the previous iteration.

@ qicuatea. 1S the calculating value.

The value for the under- relaxation factor should be in the range (0 < a< 1). The values
of a are 0.7 for momentum equation and 0.3 for the pressure. This is because values more
than this will cause large instabilities in the solution which leads to difficult reaching
convergence Versteeg. & Malalasekera [1995].

“Resip l’.l'al"’;
coibni

0 100 00 300 400 500 €00 700 80O S5O0 1000
lterations

Scaled Residuals Sep 2C, 2012
AMSYS FLUEMT 14,0 (3d, pbns, lam)

Fig .(4) Residuals for running of helical coil tube heat exchanger

Implementation of Boundary Condition:
Boundary conditions are specified for each zone of the computational domain as follow
asshownin Table (3):
The velocity inlet to the helica coil is specified over a range of (0.15 to 0.5) m/sec.
Constant velocity inlet to the shell side is 0.98 m/s. constant temperature inlet to the coil
and shell side are (58,15)°C respectively.

99



Journal of Engineering and Development, Vol. 18, No.4, July 2014, ISSN 1813- 7822

A pressure outlet is specified at the outlet domain where the pressure is assumed to be
atmospheric pressure.
No slip boundary condition is specified for the wall of coil. These conditions are used to
bound fluid and solid regions.

These conditions are used to bound fluid and solid regions.

Table.(3)Boundary condition for helical coil.

. Temperature | Velocity inlet N
Temperatureinlet to L Velocity inlet to the
enter toshell | tothecoil side

coil side°C _ shell sdem/s
side °C m/s

58 15 (0.15-0.5) 0.98

Model Validation

Figure (5) gives the validation of Nusselt numbers prediction from experimental work
based on predicted Nusselt number by Xin and Ebadian, .

55
+ present data
s0 4 Xin and Ebadian 1997
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Reynolds number

Fig .(5) validation of Nusselt numbers prediction from experimental based on
predicted Nusselt by (Xin, Ebadian research 1997)

Results and Discussions

Experimental Results

Figures (6) to (8) show the temperature distribution along the turns of helical coil at
different curvature ratio. From this figures it can be seen clearly the maximum gradients in
temperature are appear at the first eight turn and then it became less. Also it can be seen that
the best gradient of temperature appear at coil(1).
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Fig .(6) Temperature distribution along helical coil (1)at different mass flow.
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Fig .(7 ) Temperature distribution along helical coil (2)at different mass flow
rate.
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Fig .(8)Temperature distribution along helical coil (3)at different mass flow rate

Figure (9) and (10) show the effect of number of turns on Reynolds number and Nusselt
number. From these figures it can be seen that the value of Reynolds number and Nusselt

number decrease with increasing number of turns. Also from these figures it can be noted that
the maximum heat transfers coefficient occurs at the coil(1).
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Reynolds Number

Number of Turn

Fig .(9) Variation of Reynolds number with number of turn for helical coil (1)

a 1 @ 3 4 5 & 7 ®B ¥ WO Q2 W

Fig .(10) Variation of Nusselt number with number of turn for coil (1)

Figures (11) shows the effect of Dean number on the value of Nusselt. Number. From
this, figure increase of Dean number lead to increase Nusselt number and heat transfer
coefficient because at high Dean number the vortex formation have ability to destroy thermal
boundary layer and decreasing in temperature different between inner and outer surface of
coil.

44
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47 L] mcoil(2) s

4 coil(3) ]

2 N
. 40 T =
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= 38 " -
o} el —
2 — o
E ) /) e
36 P - ——
T
[ B /J/
34 —
—
32

800 850 900 950 1000 1050 1100 1150 1200 1250
Dean number

Fig .(11) ) Effect of Dean number on Nusselt number for different helical coils
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The effect of curvature ratio on temperature difference between inlet and outlet coil side
shown in Figure (12) it can be seen that the maximum difference of temperature appear at the
coil (1). Curvature ratios and Reynolds number have significant effect on the value of Nusselt
number, Dean Number, and heat transfer coefficient. This values decrease with increasing this
ratio at the same inlet condition. The maximum enhancements of heat transfer coefficient
appear at the coil (1). Heat transfer coefficient of coil (1) larger than by 4%, 9% from coil (2)
and coil (3) respectively. Generally heat transfer coefficient decrease with increasing
curvature ratio over the optimum ratio because of the flow behavior inside helical coil with
higher curvature ratio become the same behavior flow inside straight tube and flow become
disable to form secondary flow that have ability to destroy the thermal boundary layer. In
addition from this figures can be seen clearly from al test and results the coil(1) can be
chosen an optimum coil diameter.

3200

+ coi
3100 +-

% 3000 +-{  coil(3)
g

Z 2000
£
S

£ 2800
3

1
= 2700
s

£ 2600

t transfer cos
Ry

]
2 2500

-
2400

2300
4000 4250 4500 4750 5000 5250 5500 5750 6000 6250
Reynolds number

Fig .(12) Effect of curvature ratio on the Reynolds number vs. the heat transfer.

Figure (13) shows the effect of coil pitch on heat transfer coefficient in the shell side.
From the results the heat transfer coefficient inside shell enhance with increase coil pitch.
From thisfigure, it is appear that the increase of coil tube pitch lead to high value of shell side
heat transfer coefficient this may be explained as follow: in smaller coil pitches, the coolant
water is confined in the space between the successive coil rounds and a semi-dead zone is
formed. Asin thisregion, the flow of shell-side fluid decelerated and heat transfer coefficients
will be descending.

Nusselt number inside helical
coil
w
[e¢]
[62]

1 15 2 25 3 35 4 45 5
coil pitch cm

Fig .(13) Effect of coil pitch on the Nusselt number in the coil side.
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Numerical Results

Heat transfer from the hot fluid flowing inside the helical tube to the cold fluid flow
through the shell is analysis by using ANSY S Fluent 14. The boundary condition value that is
inlet to the coil and shell side shows in Table (3) .Figure (14) to (16) shows temperature
contours of helical cail in three dimensions at different velocity inlet and with distilled water.
It can be seen gradient of temperature distribution along the helical coiled and maximum
temperature occurs at center of tube

Contours of Stabic Temperature (k) 0ct 24, 2012

1326402
3.30e+02
32Ter02
3250402
323002
321402

Fig .(14)Temperature contour at u=0.15m/s.
319a+02
31Ter02

314402

= 3120402
3.10e+02
3.08e+02
3060402
3.03er02
J0tes02
2990402
287ev2
2050402

Contours of Stalic Temperature (x) Oct 24,2012

Fig .(15) Temperature contour at u=0.48m/s.
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ANSYS FLUENT 14.0 (3d, dp, pbns, lam)

Fig .(16) Temperature contours at u=0.5 m/s

Figure (17) to (19) shows temperature contours at (XZ) plane section at different
velocities. Figures (20) to (22) show plane section of temperature contours. From this figures
it can be seen gradient of temperature distribution along the sections of turns and maximum
temperature occurs at the center of tube.
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3.68e+01
3.46e+01
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3.02e+01
2.81e+01
| 2.59e+01
2.37e+01
2.15e+01
1.94e+01
1.72e+01
1.50e+01

Contours of Static Temperature (c) Oct 24, 2012
ANSYS FLUENT 14.0 (3d, dp, pbns, lam)

Fig .(17) Temperature counter at u=0.15m/s
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Fig .(20)Contour of temperature
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Fig .(21) Contour of temperature along turns of coil at u=0.48m/s
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Fig .(22)Temperature contour at u=0.5m/s

Figures (23) to (25) shows velocity contour of helical coil along the turns. From these
figures, it can be seen that, flow pattern difference along the turns. Because of secondary flow
caused by centrifugal force the maximum values of velocity occur at the center of tube and
then gradually decrease Dean M. Velocity at inner surface of tube increasing with increases
inlet velocity of tube. From these figures it can be seen that pair of counter vortex that is
developing inside helical coil.
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Fig .(23)Velocity contour along turn
of helical coil at u=0.15m/s

Fig .(24)Velocity contour along turn
of helical coil at u=0.48m/s

Fd
o

o 047

o
'
B

Bae

Fig .(25) Velocity contour along turn
of helical coil at u=0.5m/s
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Correlation of Nusselt Number

New empirical correlation has been developed in this study to predict of Nusselt number
in the helical coil tube at laminar flow with the range of Nusselt and Prandtl number between
(500 to 1500) and (3.4 to 5.5) respectively with error+ 2% ,as compare between experimental
and predict Nusselt number as shown in Figur e(26)

Nu = 0.31De”%* pr®# 500 <De< 1500 0 sememeemeeeeeeeeeeeeeeeeeeeeos (21)

* Xin and Ebadian 1997  ® Predict Nusselt number

Nusselt number

500 700 200 1100 1300 1500 1700
Dean number

Fig .(26) Comparison between predict Nusselt number with other researcher.
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