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EXPERIMENT OF HEAT TRANSFER ENHANCEMENT AND
PERFORMANCE COMPARISON OF STRIP INSERTS
IN HEAT TRANSFER TUBES

Peng Deqi, Zhu Dongsheng, Dai Jianjun, Qian songwen
Key Laboratory of Enhanced Heat Transfer and Energy Conservation, research Institute of Chemical Engineering,
South China University of Technology, Guangzhou, 510640, China
Tel: 86-20-87114568, Fax: 86-20-87114140, Eamil:pengshuaike @ 163.com

ABSTRACT

The paper introduces briefly many researches on heat transfer enhancement of strip inserts in heat transfer tube in
the past. The heat transfer enhancement experiment of fin Strip inserts, flat steel strip and spiral iron twisted of tape
inserts are conducted. Compared with other strip inserts, these strip inserts have performance of heat transfer

enhancement and pressure drop increasing, therefore strip inserts will be reasonably chosen for application
according to technical situation.

INTRODUCTION

Many researchers had studied heat transfer enhancement of strip inserts in heat transfer tubes. Chen and Hsien
researched forced convection heat transfer of laminar flow influenced by buoyancy with longitudinal installed strip
inserts of rectangle section. Solanki er al. conducted experimental research and theoretical analyses of forced
convection of laminar flow with core inserts of multi-angle section in heat transfer tubes. Chen and Hsien made a
series of research on mixed convection of laminar flow with square core of rectangle longitudinal section inserted in
horizontal heat transfer tubes, established AR (the ratio of longitudinal to horizontal section of rectangle strip), the
radius ratio of inserts outfit circle to tubes and relative net effect of the ratio of heat transfer enhancement to pressure
drop augmentation. Furthermore Hsien and Wen studied heat transfer of 3-dimensional steady laminar flow with
different axial inserts in horizontal tube, resulted their performance such as heat transfer, secondary flow effect and
nature, established Reynolds Number(Re), Grasof Number, AR and the radius ratio (J)of inserts outer circle to tube.
The results matched experiments. In Fig.1 in horizontal tube Hsien & Huang tested heat transfer and pressure drop of
laminar flow of crossed type strip with square (AR=1) and rectangle strip (AR>1). The inserts’ heat transfer
coefficient is 16 times more than smooth tube and the friction coefficient ( f ) increases about 4.5 times; Saha&
Dutta, Soha et al. found that the heat transfer performance of whole short strip inserts is much better than that of
whole long strip inserts which is installed equal space in heat transfer tubes(See Yongjoon Park, et al., 2000).

In Fig.2 The Technology Institute of Japan
Waseda University and Key Laboratory of
Enhancement Heat Transfer & Energy
Conservation of Education Ministry in South
China University of Technology (SCUT)
developed the fin strip inserts, the performance
of which is better than spiral strip inserts greatly.
Its main parameters include fin length (P,) and
space of fin (Pp)(see Xu Tianhua, 1984; Liu
Zhengiu, 1984; Qian Songwen, et al. 2003).

The experimental strip inserts could be denoted
by code name according to strip inserts
parameters. For instance, 2D~3D denotes the L AR
strip inserts whose parameter P, and P, were
equal to 2 and 3 times diameter of inserts
respectively. The Japanese experiment was
conducted on the condition that the experimental
medium was 90 turbine oil and the horizontal

Fig.1 (a) Crossed section inserts .(b)Square section inserts (c)
Rectangle section inserts (d) Installed discontinuously cross section
inserts
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installed tube outer-surface was cooled and its temperature kept constant, and then the experiments results were

gotten as following:

(1) Heat transfer coefficient and pressure drop of tube inner were equal to 2~4 times and 2.5~2.6 times of its smooth
tube respectively.

(2) When P, equaled to Pp, and the less P, was, the greater heat transfer coefficient of tube inner film and pressure
drop was.

(3) To compared with 4D~4D inserts, if fin space was larger than fin length, the heat transfer coefficient of 4D~6D
inserts was small about half, but pressure drop almost did not decrease.

(4) Strip inserts had ability to enhance heat transfer coefficient because there existed strong vortexes reaction in
tube.

1 PERFORMANCE COMPARISON OF STRIP INSERTS

Furthermore we have conducted experiments of strip inserts with fin which is made up of copper, whose parameter
is 4D~4D, 2D ~2D and 2D~1D, the experimental graph are shown in Fig.3 and 4. The results were gotten from
Fig.3 and 4(see Qian Songwen, et al. 2003;Wang Siging, 1993 ).

(1) Compared with smooth tube, heat transfer coefficient and pressure drop of strip inserts are 2.3~3.6 times greater

and 3.7~9 times greater respectively.

(2) Compared with vertically installed 2D~2D strip inserts, heat transfer coefficient and pressure drop of
horizontally installed 4D~4D strip inserts match of documents, in which the data difference is very little among
many 4D~4D strip inserts. The experimental results are also shown in Fig.3 and 4 of flat steel strip and spiral iron
twisted of tape ( P/D=8.2 P-pitch, D-diameter).

—
—

i s  Iimiann —T G T st |

Fig.2 The experimental strip inserts of Japan Waseda University and SCUT

Nu
f 1. flat steel rectangle
A section inserts
1. 4D-4D-VA B 2. §hala equal space
200 2. 4D-4D-HA 0.5 — inserts
3. 4D4DVB ;1 3. 4D-4D-VA
4. 20-2D-vB R 3 . | 4, 4D-4D-HA
5. 2D-2D-VA . 3 2 o
100 6. 2D-1D-VB, 2D-1D-VA 0.1 4 5 ek 5, 4D-4D-
7. PiD=8.2 (P-pitch,D-diameter) 1 8 7 6. 2D-2D-VB
spiral iron twisted of tape : Y 7. 2D-2D-VA
8. AR=12 ( flat steel strip) 4 11 8. Ial (Hsien)
50 L J ;
% 9 smoohbe 1 NP g 9. 1=0.5(Hsien)
4 b 14 o 10:2D4DVB
5 T8 ] N 1L 120333 (Hsien)
6 4 124 2D-1D-VA
001 7 12, §=0.28 (Hsien)
8 . 14 smooth tube
10 | LA LI B 0 L B L > 0.005 LLALER 20 B AL L BLAE B S B I A R
102 103 104 Re 102 103 104 Re

Fig.3 The heat transfer performance of strip inserts with
fin and comparison with rectangle section inserts,
twisted- tape inserts and smooth tube

Note:

A shows liquid flow direction is from fin root to fin tip,
B shows liquid flow direction is the opposition to A.
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Fig.4 Comparison fiction coefficient of rectangle section
inserts and finned strip inserts with Shala and
Hsien & Wen inserts
Note:
A shows liquid flow direction is from fin root to fin tip,
B shows liquid flow direction is against A



To comparing with the experiment results of author and Shala with whose of Hsien and Wen’s short whole strip
inserts (the ratio 7 of inserts length to tube length equal to 1, 0.5, 0.33 and 0.15 ), The results are gained and shown
in Fig.3 and 4. Firstly, the performance of strip inserts with fin has been effected greatly by the liquid flow direction
because of its liquid flow modes. Secondly, if liquid flow direction is from fin root to fin tip, the Nu and f are greater
and the ratio A/A, and P/P; are small, but the results are absolutely reverse if liquid flow in opposition direction.
Thirdly, when P, is equal to Pp, the performance of strip inserts with small fin is good.

But if P, is larger than Pp, the strip inserts with fin have good performance, for example when Re equal to 1470,
A/A; of 2D~1D strip inserts is 6 percent less than that of 2D~2D strip inserts, as Re equal to 6000, P/P; of 2D~1D
strip inserts is 20 percent less than that of 2D~2D. But the performance of 2D~1D strip inserts is better than 2D~2D
firstly because the fin space is shorter, then the fin number increase and swirl reaction is sharp. Secondly, energy
consumption by friction is produced while liquid flows through the flat parts of strip inserts with fin. The energy
consumption will decrease by shortening fin space.

In Fig.3 and 4 the results are gained that heat transfer enhancement of twist tape inserts are close to that of fin strip
inserts, but its friction coefficient is largest. Heat transfer enhancement of AR =12 flat inserts is lower and its friction
coefficient is less than spiral iron twisted of tape and close to equal space strip inserts of Shala friction coefficient.
Friction coefficient of Hsien and Wen short inserts has greatly decreased about 8%~58%, and also less than these of
fin strip inserts, but its Nu number decreased 2%~40%.

2 CONCLUSION

(1) Strip inserts have advantage of structure simplicity, processing facility and heat transfer enhancement, but its
disadvantage is pressure drop increasing.

(2) Heat transfer performance of twist iron inserts approach to those of priority fin strip inserts, but pressure drop is
rather great; flat steel inserts structure is very simple and its pressure drop is rather low, but the magnitude of
enhancement of heat transfer is low; contrasted to whole strip inserts, pressure drop of short strip inserts is the
lowest, but its Nu number also reduce 8%~58%; the Nu number of discontinue strip inserts is 15%~80% larger than
this whole strip inserts, and at the same time the friction coefficient increases 1%~35%. In a word, strip inserts will
be reasonable choose to apply according to technical situation.

NOMENCLATURE
Nu Nusselt Number
Re Renold Number
f fiction coefficient
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HEAT TRANSFER AUGMENTATION FOR THE FLOW
OF HIGHLY VISCOUS FLUIDS IN TUBES USING
CROSS TRAPEZOID WAVE TAPE INSERTS

He Lu, Zhu Dongsheng, Fan Zhonglei
Key Laboratory of Enhanced Heat Transfer & Energy Conservation,
South China University of Technology, Guangzhou, 510640, China
Tel: 86-20-8711-4568, Email: cedshzhu@scut.edu.cn

ABSTRACT

The development and heat transfer augmentation mechanism of a new type cross trapezoid wave tape (CTWT)
insert was introduced. Experiments were conducted to evaluate the heat transfer, pressure drop and fouling
characteristics of CTWT inserts for heating of polymer resin and heavy oil, respectively. 60%~120% increase in
heat transfer efficiency was achieved, accompanied by a 100% increase in pressure drop over comparable empty
tubes. It was also found that CTWT inserts could beneficially reduce the fouling of tubes. Correlations for over ail
heat transfer coefficient, Nusellt number and friction factor were derived from the experimental data.

INTRODUCTION

The process of improving the performance of a heat transfer system is referred to as heat transfer augmentation,
enhancement or intensification(See Qian et al., 2003). Laminar flow heat transfer in tubes occurs in a wide variety
of engineering application such as the heat transfer of highly viscous fluids(See Zhu et al, 1990). Many
augmentation techniques have been investigated to increase the low heat transfer coefficients in this type of
flow(See Hong et al., 1976). For shell and tube heat exchangers, the insertion in tubes of objects is one of the most
important passive techniques (See Zhu et al., 1998). The technique of enhanced heat transfer using inserts inside the
tubes has been extensively investigated and widely applied since 1896, and several kinds of inserts such as twisted
tapes, mesh inserts etc. have been developed.

A new type of insert-cross trapezoid wave tape (CTWT) insert(See Zhu et al., 1995) for augmenting heat transfer
developed specially for highly viscous fluid was the subject of this paper. CTWT insert was developed on the basic
of Cross Wave Insert tapes(See Xu,1984). These types of inserts are different from the other inserts such as the
twisted tape inserts and mesh inserts, which are shown comparing with CTWT inserts in Fig.1.

Twisted tape inserts Mesh insert
Fig.1 Typical tube insert devices
Twisted tape inserts cause the flow to spiral along the tube length. Tong and Bergles(1996) found that the existence
of the twisted tape reduced the heat transfer coefficient near the contact area between the twisted tape and tube wall.
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This effect, named the thermal insulating effect, could degrade the heat transfer performance. The similar insulation
effect is also reported by Agarwal(1996) using the name “cold-wall”, which is most prominent in the case of viscous
heat exchangers. The slow moving, high viscosity fluid layers near the wall tend to act as an insulator in the heat
transfer process, which serves to impede an already poor heat transfer mechanism. Mesh inserts can disturb the
entire velocity and temperature fields inside the tube(See Wang et al., 2002), however, it suffers from high pressure
drop and fouling problems(See Megerlin et al., 1974).

For the case of tubes with CTWT inserts, this thermal insulation effect is reduced due to the special geometry
structure of CTWT. The two cross trapezoid wave tapes induce turbulence, displacing and mixing fluid from the
center of the tube to the wall of the tube. Thus the thermal insulating layer is destroyed. The heat transfer
enhancement achieved by means of CTWT inserts is accompanied by an increase in pressure drop too, of course,
however, the thermal and dydraulic performance is beneficially balanced. Another favorable advantage of CTWT
inserts is that the fouling inside tubes is greatly reduced. It is noted that CTWT inserts are very inexpensive to
fabricate and can be easily installed. They are one of the simplest of the various augmentation devices and can be
fabricate in any moderately equipped workshop.

1 CROSS TRAPEZOID WAVE TAPE INSERT

1.1 Cross wave tape insert

Displaced promoters can be very beneficially used to augment lamina flow heat transfer of highly viscous fluid. In
this paper, inserts were used to displace and mix the fluid in the center of the tube with that on the wall side, i.e.,
deflect the fluid to the wall to elevate the heat transfer.

The displacing and mixing process in a circular tube with cross wave tape insert was shown in Fig.2~3. According
to the theory of relative activity, the fluid’s flowing from left to right direction equals to the wave tape’s moving
from right to left direction. When wave tape move from right to left, slope I impacts a force upward on the fluid on
the left, deflects the fluid to the wall side, and cause a circle flow around the slope. Similarly, slope II impacts a
force downward. Suppose a tube is fixed with single wave tape, the fluid will thus form channel flow in the
bow-shape channel beside the tape. To avoid channel flow, the insert consists of two cross wave tapes ( See Fig.3 ).

L W N

Fig.2 Illustration of working principle of Wave Tape Fig.3 Cross wave tapes

1.2 Cross trapezoid wave tape insert

The slopes of cross wave tape inserts displace and mix fluid in the center and fluid on the tube wall constantly, and
the center fluid is displaced quickly after moving to the tube wall. The contacting time between fluid and tube wall
is too limited to obtain desirable performance. This disadvantage led to the development of CTWT insert. A flat or
wave sheet is added between every two cross slopes. This series of stainless tapes are defined as Cross Trapezoidal
Wave Tapes. The fluid moves from the center of the tube to the wall and fluid on the wall side flows to the center of
the tube through the slopes, inducing turbulent flow in the boundary layer.

The flat sheet or wave sheet between the two crossing slopes prolongs the contacting time between fluid and tube
wall. So the performance of heat transfer anti-fouling is better than other kinds of inserts. CTWT can increase the
over all heat transfer coefficient, achieve uniform temperature profiles and reduce fouling of tubes. The cross
trapezoidal wave tape insert consists of two cross trapezoidal wave tapes .The geometrical parameters are showed in
Fig.4. The major geometrical parameters of the cross trapezoidal wave tape insert include the width of tape b, the
angel of inclination of slope with tube axis a and the length of trapeziform hemline e. The cross trapezoidal wave
tapes have a geometrical structure of periodicity of variety in axis direction. The whole cross trapezoidal wave tapes
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are made up of several cross teeth, each of which is of one period width and identical geometrical structure.

Horizontal view Tube wall Trapezoidal wave tape

e A [

N/
D| B TS
s /
Vertical view /

/

._\

One periodic section

Fig.4 Iflustration of CTWT insi;ie a circular tube
2 EXPERIMENTAL PROCEDURE

In the present study, experiments of two highly viscous fluids polymer resin and heavy oil in tubes with CTWT
inserts were carried out to investigate heat transfer, pressure drop and fouling characteristics, respectively.

The polymer resin was heated inside tubes in a tube-shell exchanger. The working pressure was 60 bar, and the flow
rate was 16 L/min. Dry and saturated steam at a temperature of 120°C was used as the heating medium. The
viscosity of the polymer resin is 10 Pa- s (the viscosity of 25°C water is 0.001Pa.s). Beside the extra high viscosity,
another property of the polymer resin is that it is thermal sensitive. If the wall side temperature is too high (up to 120
‘C), the thermal sensitive material will react. The performance of tubes with CTWT inserts was compared to that of
the tubes with twisted tape inserts and empty tubes based on variation of tube length.

Another fluid heavy oil was tested. The viscosity of heavy oil is very high, varies with the temperature. The
relationship between the viscosity of heavy oil and temperature was shown in Table 1. The heavy oil was heated
inside tubes in a tube-shell exchanger. Dry and saturated steam at a pressure of 0.5~0.85MPa was used as the
heating medium in the heater. Renolds Number Re was range from 20 to 180,and Prantel number Pr was 1500. The
performance of tubes with CTW inserts was compared to that of empty tubes based on variations of heavy oil flow
rate and steam pressure. Due to the fact that heavy oil is very easy to foul in tubes after running for months, which
always leads to the decreased heat transfer coefficients, the fouling of tubes with CTWT inserts was investigated in
the present experiments after running for six months.

Table 1 The relationship between the viscosity of heavy oil and temperature

Temperature “C 200 112 131 150 160
Viscosity E 21.8 13.6 6.3 3 2(Engler unit)

3 RESULTS AND DISCUSSIONS

3.1 The heating of high viscosity and thermal effective polymer resin

The performance of empty tube was tested. It was found that no matter how long the tube was, the highest
temperature the polymer resin could reach was 50°C. It was also found that it was very difficult to heat the polymer
resin and raise the temperature over 78°C in tube with twisted tape inserts. The heat transfer results of heating of
polymer resin were shown in Fig.5. The temperature of polymer resin inside tube with CTWT was higher than that
of empty tube and twisted tape tube. At the length of 8m, the temperature of CTWT tube was 104°C, which was 54
C higher than that of empty tube and 26°C higher than that of twisted tape tube. The CTWT inserts presented a
significant advantage for the heat transfer augmentation for the flow of high viscosity and thermal effective fluid.
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Temperature, C

0 2 4 6 8

Length of Heating Tube,m
—a—CTWIT —e—twisted tape insert
—A—smooth tube —»—heating steam

Fig.5 Heat transfer results of heating of polymer resin

3.2 The heating of heavy oil

Comparison of Pressure drop and heat flux for empty tube and CTWT tube was presented in Table 2. The flow rate
of heavy oil was 17 t/h, and the pressure of steam is 0.8MPa.

Table 2 Comparison of data for empty tube with CTWT tube

Pressure Drop, MPa Outlet Temperature’ GC Heat ﬂux, w

Empty tube 0.08 130 330
CTWT tube 0.15 154 523

It was found that 60% increase in the heat flux was achieve, and the out let temperature of CTWT tube was 24°C
higher than that of empty tube. At the same time, the heat transfer augmentation associated by a pressure drop

penalty. The pressure drop was twice the empty tube value. However, the obvious improvement in heat transfer was
much deserving than the corresponding increase in pressure drop.

Another heat transfer results were presented in Fig.6 for empty tube and CTWT tube at different steam pressure. The
flow rate of heavy oil was 22t/h. The temperature difference obtained by CTWT tube was kept 30°C higher than
that of empty tube at the same steam pressure. It is found that tubes with CTWT inserts had much better operational
performance than empty tube, and the outlet temperature of tube with CTWT arrived 154°C. It was concluded that
tube with CTWT inserts could obtain significant heat transfer augmentation over the comparable empty tube.

The heat transfer results for flow of heavy oil in CTWT tube and empty tube after running for six months was
shown in Fig.7. The heavy oil inlet temperature was 100°C and the steam pressure was 0.7MPa. Compared with
data presented in Fig.6, under the same condition of flow rate of 22t/h and steam pressure of 0.7MPa, the
temperature difference of CTWT tube was found to decease 1 to 2°C. It was due to the fouling inside tube after
months of operation. However, the temperature difference of empty tube was found to decease average 10°C, which

was 5~10times the CTWT tube values. It was concluded that the fouling was greatly reduced in the tube with
CTWT inserts.
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In addition, it was found that the fluid outlet temperature was kept about 150°C, almost independent of flow rate and
heat flux. It showed that the sensitivity of film heat transfer coefficient inside the tube to flow rate was not reduced,
but more applicable for the operation in which the flow rate varied greatly.

The regressive correlation of over all heat transfer coefficient was developed using the experimental data of CTWT
insert:

K = C-R"™® )
The Nusellt number correlation read:
Nu = 0.07996Re***" )
Base on the same data, a correlation for the friction factor was developed.
f = 2.7908Re 7% 3)

4 CONCLUSION

A new type of cross trapezoid wave tape (CTWT) insert developed specially for the flow of high viscosity fluid was
introduced in this paper. Experiments of two highly viscous fluids polymer resin and heavy oil in tubes with CTWT
inserts were carried out respectively to investigate heat transfer, pressure drop and fouling characteristics.
60%~120% increase in heat transfer efficiency was achieved. It is found that tubes with CTWT inserts had better
performance than twisted tape tube and empty tube. At the same time, the heat transfer augmentation associated by a
pressure drop penalty. The pressure drop was twice the empty tube value. However, the obvious improvement in
heat transfer was much deserving than the corresponding increase in pressure drop. It was also concluded that tube
with CTWT inserts could obtain significant anti-fouling effect over the comparable empty tube. Correlations for the
heat transfer coefficient, Nusellt number and friction factor were derived from the experimental data.

NOMENCLATURE
D tube diameter m Nu Nusellt number
b tape width m Re Renolds Number
e length of trapeziform hemline m Pr Prantel number
a the angle of inclination of slope with tube axis  deg f friction factor
K overall heat transfer coefficient ~ W/(m*C)
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ABSTRACT

Numerical simulations for momentum and heat transfer for a 2 inch diameter LEC growth of single-crystal GaAs
with an axial magnetic field was conducted using the finite-element method. Convective and conductive heat
transfers, radiative heat transfer between diffuse surfaces and the Navier-Stokes equations for both melt and
encapsulant and electric current stream function equations for melt and crystal are all combined and solved
simultaneously. The effect of the thickness of encapsulant, the imposed magnetic field strength as well as the crystal
rotation rate on the flow and heat transfer were investigated.

INTRODUCTION

Gallium arsenide is usually grown in liquid encapsulated Czochraski [LEC] puller. To grow high quality GaAs
crystal, an ideal thermal circumstance is required. The thermal circumstance is associated with furnace structure and
the operate conditions, such as the thickness of encapsultant, crystal and crucible rotation, as well as the imposed
magnetic field. To understand the characteristics of the momentum and heat transfer in a LEC growth of GaAs,
some numerical simulations have been performed by neglecting the melt flow(See FDupret, 1990; P.D.Thomas,
1989; J.Fainbery, 1997). Actually, the melt flow is one of the important factors influencing the crystal quality, and it
is well known that the crystal and crucible rotation, as well as the thickness of the encapsulant have an impact on the
melt flow and melt/crystal interface shape. The effect of rotation rate of the crystal and crucible on the fluid flow,
instability, heat transfer and interface shape was emphasized(See V.1 Pplezhaey, 2001). Numerical simulation of the
flow and heat transfer in the melt and encapsulant and heat transfer in the crystal for LEC growth of GaAs with a
steady, uniform, axial magnetic field has done by Sabhapathy A constant
crucible sidewall temperature is imposed, the melt/crystal interface and —X--* ---------- 7
melt/encapsulant interface are assumed to be flat and un-deformable.

Their numerical results show that the flow in the bulk of the melt is
suppressed by the magnetic field(See P.Sabhapathy, 1990).

In the present paper, a set of numerical simulations on momentum and
heat transfer for a 2-inch diameter Liquid Encapsulant Czochralski
growth of single-crystal GaAs were performed. The effect of the
thickness of encapsulant, the imposed axial magnetic field and the
rotation rate of crystal on the flow and temperature field and interface

shape was discussed. T
Crucible

1 MODEL FORMULATION

1.1 Physical model and basic assumptions _rf e 8,05

Schematic diagram adopted in the present analyses is shown in Fig.1, in

which the GaAs melt/encapsulant interface shape is calculated by solving — Hoare
the Young-Laplace equation. The following assumptions were introduced Melt "
in the model. Mi=4s Re=33

(1) The system is in a pseudo-steady state and is axisymmetric.(2) The
flow is laminar and both the GaAs melt and the boron oxide encapsulant

are incompressible. (3) Thermophysical properties of the melt are Grusible support
assumed to be constant except for the temperature dependencies of “)/

surface tension and the dynamic viscosity of boron oxide. (4) No Fig.l Schematic diagram of
subcooling occurs at the melt/crystal interface and the interface shape a LEC growth of GaAs

-
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coincides with the melting temperature isotherm. (5) The magnetic Reynolds number is so small that the effect of
the induced magnetic field on the applied field can be neglected.

1.2 Mathematical model

1.2.1 Governing equations

Under the above assumptions, the general governing equations for flow and temperature field are given as follows.
In the melt and encapsulant:

V.v, =0, )
PV, Vv, =-Vp, -V .1, +p,gB(T, -T, 2, +(JxB) 2)
picyiV; VI, =4,V - VT, 3
In the crystal:
PsC,psVie, VI, =AV-(VT,) )]
In the other solid materials:
V.(VT,)=0 ®)

where T, v, p, and T are the temperature, velocity vector, pressure and stress tensor, respectively. T, is the melting
temperature, . p the density, Athe thermal conductivity, B the thermal expansion coefficient, g the gravitational
acceleration constant, c, the heat capacity, V, the crystal pulling rate, respectively. Subscripts i, s, and j indicate GaAs
melt(i=l), B0 encapsulant(i=e), crystal and other materials, respectively. Vector e, is a unit vector parallel to the z
axis. Product (JxB) represents the Lorentz force due to the imposed magnetic field, in which J is the electric current
density and B is strength of the magnetic field. The electric current density J are calculated by introducing the
electric current stream function y; which is determined by the following equation:

R I A AT A B B Yl Z & 6
P T I M ©)

Where y;is the electric current stream function defined by:

X Q
z r or

J = _SiBo 3V (8)
r oz

where £ is the electrical conductivity and B, is the magnetic field strength. The above equations is valid both in the
melt (E=£) and in the crystal (E=£)).

1.2.2 Boundary conditions for the temperature field
At the melt/encapsulant interface:

—An-VT, ==A,n-VT, +q,,,, (9a)
At the encapsulant free surface:
—An-VT, =q,,, (9b)
At the melt/crystal interface:
An-VT,-An-VT, =p V. AH n-e, (9c)
I,=T,=T, (9d)
At the encapsulated crystal side:
~An-VT,==A,n-VT,+q,, %9e)
At the encapsulated crucible side:
~An-VT,==-A,n-VT,+q,,, ; 99
At the exposed crystal side and top:
-An- VT, = Drad,s %g)
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At the other exposed surfaces:
- /'Ljn ‘ VTj = Grad, (%h)

In these equations, g,,4; is the net radiative heat flux per unit area on the surfaces, and is given by

4 4
Dyad i = SiGBI:Ti _(ZAjEjTjGji )/(Aisi)j| (10)
J

where Gj; is Gebhart’s absorption factor, which is the fraction of emission from surface 4, to A; and absorbed, G;; as
well as the view factors between each surface element in the furnace are calculated using our code and AH, is the
latent heat of fusion, » the unit normal vector of the interface element and € the emissivity.

1.2.3 Boundary conditions for the flow field and electric current stream function
At the side wall and the bottom of the crucible:

w=v,=0, w=ro, l/[j=0' (1la-d)
At the encapsulated side wall of the crucible:
u,=v, =0, w, =ro,. (11e-g)
At the melt/encapsulant interface:
n-v,=0, n-v, =0, l//j=0 (11h-j)
7, int—1,:nt =y VT, -t (11k)
t-v,—t-v,=0 (111)
T, ineg ~ T, ney =y, VT, -eq (11m)
At the encapsulant surface
n-v,=0 (110)
T, nt =Y, VT, -t (11p)
T,:ne, =7, VT, -e, (11q)
At the melt/crystal interface:
u,=v, =0, w, =re, (11r-t)
At the encapsulated surface of crystal:
u,=v, =0, w,=ro,, ¥y, =0 (11u-x)
At the other crystal surface:
;=0 (11y)
At the axis:
l//j =0 (1 IZ)

Where u, v, and w are the radial, axial and the azimuthal components of velocity, @sand @, are the angular rotation
rates of the crystal and crucible, respectively. Symbol ¢ and eg are the unit tangential and azimuthal vectors of each
interface element, respectively. The melt/crystal interface shape is determined so that Eq.(9d) is satisfied, i.e., the
interface coincides with the melting-point isotherm.

1.3 Numerical procedure

By applying Galerkin finite element method, the system gives a set of algebraic equations. In the present work, the
diameter and length of the crystal and the heater temperature were given. The crystal pull rate was determined as
one of the unknown variables, together with velocities, pressures, temperatures, electric current stream function and
the melt/crystal interface coordinates, by simultaneously solving the set of nonlinear algebraic equations using
Newton-Raphson method. The radiative heat exchange in the semi-transparent boric oxide layer is calculated by
using the band-energy method(See F.Dupret, 1990).
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2 RESULTS

To make the comparison of the results valid, the pulling rates were maintained at around 5 mm/hr within +1% for
all cases by adjusting the heater temperature.

2.1 Effect of encapsulant thickness

Fig.2 and Fig.3 show the isotherms (left) and contours of stream function (right) under two different thickness A, of
encapsulant with a fixed magnetic field strength and crystal and crucible rotation rate. A strong flow cell driven by
Marangoni force combined buoyancy force occupies the main region of melt. A weaker anti o’clock cell appears
under the tri-point when A.=1.0 cm. Flow in the encapsulant is significant distinct for various encapsulant thickness,
muit-cell flow may be observed with increase of thickness 4. The M-type interface shape will be influenced slightly
by encapsulant thickness as seen in Fig.8.

2.2 Effect of magnetic field strength

The effect of the magnetic field strength on the flow and heat transfer for a fixed thickness of encapsulant, crystal
and crucible rotation rate is shown in Fig.3, Fig.4 and Fig.8. The thin Ekman layer induced by crucible rotation is
observed at the bottom of the crucible (See Fig.4) for a weaker magnetic field strength, with increasing the axial
magnetic field strength, the flow in the melt is suppressed effectively (See Fig.5). When increasing the
dimensionless Hartmann number from 44 to 155 the maximum velocity V., and the average velocity V,, in the melt
decrease from V,=1.24 cm/s and V,,=0.4 cm/s at Ha=44 to V,,,=0.31 cm/s and V,=0.097 cm/s at H,=155;
meanwhile, the deflection of the interface increases from 1.03 mm to 3.77 mm as shown in Fig.8. Here the average

velocity V, is defined as follow: v = Z(JL;[? +v! )/ N , where N represents the total number of the nodes in the
melt.

2.3 Effect of crystal and crucible rotation

Crystal rotation has a remarkable effect on the flow pattern and heat transfer. A new cell appears beneath the
melt/crystal interface near closely the periphery and it will get larger with increasing rotation rate of maximum
velocity Vi and the average velocity V;, in the melt almost do not change with the change of crystal rotation rate
a,. Due to more effective heat transfer resulting from the forced convective cell driven by crystal rotation, the

=N —— N/ A\ AN

\V NS
/— //““ ) 3
[ Vinin=-13.96x1077 r 5{“‘”7‘5 ;7210077
] Wimax=3 68107 J— max=0.81x1
p A¥=05:07 / aV=05107
W oo AR il Vamin=-0.462x10
e ‘emin= U | i e I
I Vemax=0.004 107 Vema:=0 459310
R aVe=0.1x107 L AVe=0.1x10
S R (md/e) at=t5k | | (mire)
aT=15k [ ——
Vinin— + o+
Vma—% Vinex—
4"‘ .

Isotherms and contours of stream function with H, = 111, @, =6 rpm, @. = 16 rpm
Fig.2 (left) h,=1.0cm Fig.3 (right) h.=1.0 cm
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