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SHELL AND TUBE HEAT EXCHANGERS AND 
METHODS OF USING SUCH HEAT 

EXCHANGERS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application No. 61/439,199, filed Feb. 3, 2011, 
which is incorporated herein by reference. 

FIELD OF THE DISCLOSURE 

0002 The field of this disclosure relates to heat exchang 
ers and, particularly, baffled shell and tube heat exchangers. 
The field of the disclosure also relates to methods for using 
the exchangers including methods that involve use of the 
exchanger and a reaction vessel to produce a reaction product 
gaS. 

BACKGROUND 

0003 Various process systems (e.g., reactor systems) 
involve use of relatively high temperature and/or relatively 
low temperature process streams. The cooling and/or heating 
of Such streams may involve significant energy costs. To 
reduce Such costs the process streams may be thermally con 
tacted to exchange heat and reduce the energy costs. How 
ever, such thermal contact may be difficult or even prohibited 
when such process gases contain an amount of corrosive 
gases. The presence of corrosive gases has often convention 
ally required the process gas be quickly heated or cooled to a 
temperature at which the gases are less corrosive before heat 
exchange with other process gases may occur which increases 
the energy requirements of the system. 
0004 An example of such a system in which corrosive 
gases are produced thereby limiting heat exchange with other 
process gases is a reaction system in which silicon tetrachlo 
ride is reacted with hydrogen to produce trichlorosilane. This 
reaction produces hydrogen chloride as a by-product. As the 
equilibrium reaction toward trichlorosilane is favorable at 
high temperatures, the hydrogen chloride is typically at a high 
temperature which conventionally has required it to be 
quickly quenched. This conventionally has limited the 
amount of heat that can be transferred from the product gas to 
other process streams. 
0005 Accordingly a continuing need exists for reactor and 
heat exchange systems that allow process gases (e.g., gases 
containing a corrosive gas) to be heated or cooled relatively 
Soon after production of the product gas. A continuing need 
also exists for heat exchangers that improve the temperature 
and flow profiles of the incoming process streams. A continu 
ing need also exits for methods that involve use of Such heat 
exchangers and/or reactor vessels. 

SUMMARY 

0006. One aspect of the present disclosure is directed to a 
shell and tube heat exchanger for transferring heat between 
two process streams. The exchanger contains a shell, a tube 
bundle within the shell, an annular baffle and a central baffle. 
The bundle contains a plurality of central tubes and a plurality 
of peripheral tubes. The annular baffle has an outer edge, an 
inner edge, and a plurality of peripheral openings formed 
between the outer edge and the inner edge. The peripheral 
tubes pass through the peripheral openings of the annular 
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baffle. The central baffle has a plurality of central openings 
and the central tubes pass through the central openings. 
0007 Another aspect of the present disclosure is directed 
to a method fortransferring heat between two process streams 
by use of a shell and tube heat exchanger. The shell and tube 
heat exchanger contains a shell, a tube bundle within the shell 
and a chamber formed between the tube bundle and the shell. 
The bundle contains a plurality of central tubes and a plurality 
of peripheral tubes between the central tubes and the shell. 
The exchanger includes an annular baffle having an outer 
edge, an inner edge and a plurality of peripheral openings 
formed within the outer edge and the inner edge. The periph 
eral tubes pass through the peripheral openings. The 
exchanger includes a central baffle having a plurality of cen 
tral openings and an outer edge. The peripheral tubes pass 
between the outer edge of the central baffle and the shell and 
the central tubes pass through the central openings. A first 
process gas is introduced into the chamber formed between 
the tube bundle and the shell. The first process gas passes 
through the central openings of the annular baffles and 
between the outer edge of the central baffles and the shell. A 
second process gas is introduced into the peripheral tubes and 
the central tubes. 
0008 Various refinements exist of the features noted in 
relation to the above-mentioned aspects of the present disclo 
sure. Further features may also be incorporated in the above 
mentioned aspects of the present disclosure as well. These 
refinements and additional features may exist individually or 
in any combination. For instance, various features discussed 
below in relation to any of the illustrated embodiments of the 
present disclosure may be incorporated into any of the above 
described aspects of the present disclosure, alone or in any 
combination. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009 FIG. 1 is a front view of a shell and tube heat 
exchanger according to a first embodiment of the present 
disclosure; 
0010 FIG. 2 is a perspective view of the heat exchanger 
with the shell removed for clarity; 
0011 FIG. 3 is an exploded perspective view of portions 
of the heat exchanger and with the shell and tubes removed for 
clarity; 
(0012 FIG. 4 is a top view of a central baffle: 
(0013 FIG. 5 is a top view of an annular baffle: 
0014 FIG. 6 is a top view of the heat exchanger with the 
tube side outlet and second terminal flange removed for clar 
ity; 
0015 FIG. 7 is a cross-sectional view of the heat 
exchanger taken along the 7-7 line of FIG. 2 with the distri 
bution plate being shown: 
0016 FIG. 8 is a front view of the heat exchanger showing 
a second shell used to circulate an additional heating or cool 
ing fluid within the heat exchanger, 
0017 FIG. 9 is a cross-sectional view of a reactor appara 
tus that includes a reaction vessel and a shell and tube heat 
exchanger, 
0018 FIG. 10 is a front view of the reactor apparatus of 
FIG. 9 with the vessel removed for clarity; and 
0019 FIG. 11 is a perspective view of the apparatus of 
FIG. 9 with the vessel, shell and tubes removed for clarity. 
0020 Corresponding reference characters indicate corre 
sponding parts throughout the drawings. 
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DETAILED DESCRIPTION 

0021 Referring now to FIG. 1, a shell and tube heat 
exchanger 9 for exchanging heat between two process 
streams in accordance with the present disclosure is shown. 
The shell and tube heat exchanger 9 incorporates two differ 
ent types of baffles (i.e., central and annular baffles which are 
shown in FIG. 3) that are arranged in the exchanger in a 
manner which improves heat exchange and the resulting tem 
perature profiles for a first fluid and a second fluid introduced 
into the exchanger. 
0022 Generally a first fluid (e.g., a first process gas) is 
introduced into the shell-side of the exchanger (i.e., the cham 
berformed between the tubes and the shell) and a second fluid 
(e.g., second process gas) is introduced into tube-side (i.e., 
into the tubes of the exchanger). The first fluid is forced into 
the central portion of the exchanger as it passes through the 
annular baffles and is forced into the peripheral portions of the 
exchanger as it passes around the centralbaffle. Generally the 
annular and central baffles alternate in the exchanger which 
causes the first process gas to be forced to the periphery of the 
exchanger and to the central portions of the exchanger in an 
alternating pattern and thereby improves heat transfer 
between the first and second process streams. As shown in 
FIG. 1, the first fluid generally enters the reactor 9 at the top 
of the reactor at a shell-side inlet 6 and exits at the shell-side 
outlet 10 and the second fluid enters the reactor 9 and the 
tubes at the bottom of the reactor at a tube-side inlet 8 and 
exits at the tube-side outlet 16. It should be understood that 
other arrangements may be used without limitation. 
0023 The shell and tube heat exchanger 9 may be made 
partially or wholly integral with a reactor apparatus (FIG.9) 
which allows a reactor feed gas to enter the reactor after 
exchanging heat with a reactor product gas. As described 
herein, the reactor feed gas is introduced into the tubes of the 
reactor and exits into the reaction chamber wherein it reacts to 
form the product gas. The product gas is then introduced into 
the reactor shell-side (i.e., in the space formed between the 
tubes and the shell of the reactor) to exchange heat with the 
feed gas before exiting at the bottom of the exchanger. Other 
arrangements may be used without limitation. 
0024 Optionally, the reactor apparatus of FIG.9 may be 
used in a process to produce trichlorosilane from silicon 
tetrachloride. Silicon tetrachloride and hydrogen may be 
introduced tube-side into the heat exchanger 9". Silicon tetra 
chloride and hydrogen continue upwards in the exchanger 9 
until the gases exit the exchanger and enter the reaction cham 
ber 5. Silicon tetrachloride and hydrogen are heated in the 
chamber 5 (e.g., by resistance heaters) to produce a reaction 
product gas comprising trichlorosilane and hydrogen chlo 
ride. This reaction product gas is forced out of the chamber 5 
and enters the shell-side of the exchanger 9". As the product 
gas travels shell-side through the exchanger 9" it heats the 
incoming feed gas. Optionally the exchanger 9" is water 
jacketed to allow the shell-side reaction product gas to be 
quickly cooled which favors conversion to trichlorosilane 
(e.g., prevents the backwards reaction from occurring) and 
prevents corrosion of the reaction components (e.g., prevents 
formation of volatile metallic chlorides by quickly cooling 
below, for example, about 400°C.). 

Shell and Tube Heat Exchanger 
0025 Referring again to FIG. 1, a shell and tube heat 
exchanger 9 for exchanging heat between two process 
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streams is shown. The exchanger 9 includes a shell 25 and a 
tube bundle (not shown) disposed within the shell 25. The 
exchanger 9 includes a shell-side inlet 6 in which a first 
process gas 81 is introduced and a tube-side inlet 8 in which 
a second process gas 96 is introduced. The first process gas 81 
flows within the chamber formed between the tubes of the 
tube bundle and the shell, including the space between the 
tubes themselves, and the second process gas 96 flows within 
the tubes of the tube bundle. The first gas and second gas 81, 
96 generally flow in a countercurrent arrangement as they 
pass through the shell and tube heat exchanger9; however, it 
should be understood that other flow patterns (con-current 
flows and/or multi-pass systems) may be used without limi 
tation. After thermal contact in the exchanger 9, the first 
process gas 81 is discharged in the shell-side outlet 10 and the 
second process gas 96 is discharged from the tube side outlet 
16. In this regard, it should be understood that other inlet and 
outlet arrangements may be used including, for example, the 
inlet and outlet arrangement of exchanger 9" (FIG. 9) 
described below. 

0026 Referring now to FIG. 2 (in which the shell is not 
shown for clarity) and FIG. 6, the tube bundle 21 includes a 
number of tubes generally arranged in concentric circles 
about center C. The tubes generally extend from a first termi 
nal flange 29 to a second terminal flange 27. A number of 
baffles 30, 35 help secure the tubes within the bundle 21 and 
influence the flow of the first process gas within the exchanger 
and the resulting first and second gas temperature profiles. 
FIG. 3 shows the arrangement of the baffles 30, 35 with the 
tube bundle 21 not shown for clarity and with the shell-side 
inlet 6 and outlet 10 and tube-side inlet 8 and outlet 16 shown 
to illustrate the relative position of the baffles 30, 35. The 
exchanger 9 includes a plurality of central baffles 30 that 
secure a number of central tubes (not shown) and a plurality 
of annular baffles 35 that secure a number of peripheral tubes 
(not shown). As shown in FIG. 3, the central baffles 30 and 
annular baffles 35 alternate in their relative positions in the 
exchanger; however, it should be understood that other 
arrangements of centralbaffles 30 and annular baffles 35 may 
be used without limitation. The flow pattern of the first pro 
cess gas 81 is shown in FIG. 3. As can be seen from the flow 
pattern, the first process gas 81 is forced to the outside of the 
central baffles 30 and inward through the annular baffles 35 
thereby creating a cross-flow which promotes heat exchange 
between the first and second process gases. 
0027. A central baffle 30 is shown in FIG. 4. The central 
baffle 30 includes a plurality of central openings 2 through 
which the central tubes pass. The central baffle has an outer 
edge 37. The peripheral tubes (not shown) pass between the 
outer edge 37 of the centralbaffle 30 and the shell 25 (FIG. 1). 
The central baffle 30 includes a number of flare-out portions 
9 in which a tie-rod opening 4 is formed. Tie-rods (not shown) 
pass through the tie-rod openings 4 and provide stability to 
the baffles 30, 35. Tie-rods may be attached to the baffles 30, 
35 in any suitable manner including, for example, by use of 
spacers (not shown). 
0028. An annular baffle 35 is shown in FIG.5. The annular 
baffle 35 has a center C, an annular outer edge 11, an annular 
inner edge 17 and a plurality of peripheral openings 12 
formed within the annular outer edge 11 and the annular inner 
edge 17. A central opening 3 extends from the inner edge 17 
to the center C of the annular baffle 35. The peripheral tubes 
(not shown) pass through the peripheral openings 12 and the 
central tubes (not shown) pass through the central opening 3. 
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The annular baffle 35 includes tie-rod openings 14 through 
which tie-rods pass to stabilize the baffle 35. 
0029 FIG. 6 shows a top view of the exchanger 9 with a 
central baffle 30 shown and an annular baffle 35 partially 
shown. As can be seen from FIG. 6, central tubes 48 pass 
through the central openings 2 and peripheral tubes 49 pass 
through the peripheral openings 12. The radius R of the inner 
wall 34 of the shell 25 is substantially the same as the radius 
of the annular outer edge 11 of the annular baffle 35 and the 
annular baffle 35 generally contacts the shell 25. Similarly, 
the flare-out portions 9 of the central baffle 30 contact the 
inner wall 34 of the shell. 

0030. The annular baffle 35 (FIG. 5) should have a width 
W sufficient to force the first process gas toward the center of 
the heat exchanger. In one or more embodiments of the 
present disclosure, the ratio of the width of the annular baffle 
35 to the radius R of the annular outer edge 11 (W:R) should 
be at least about 1:5, at least about 1:3 or at least about 1:2 
(e.g., from about 1:5 to about 4:1 or from about 1:5 to about 
1:1). In these and in other embodiments, the annular baffle 35 
may define a cross-sectional area over its width which blocks 
the path of the first process gas. The ratio of the cross-sec 
tional area defined by the annular baffle 35 (which may be 
pi*R*-pi*(R-W) for annular baffles) to the cross-sectional 
area of the shell of the exchanger (which may be piR for 
cylindrical shell and tube exchangers) may be at least about 
1:10, at least about 1:5 or at least about 1:3 (e.g., from about 
1:10 to about 3:1 or from about 1:5 to about 1:1). 
0031. In this regard, the central baffle 30 (FIG. 4) may be 
suitably sized to force the first process gas to the periphery of 
the shell and tube exchanger. In one or more embodiments, 
the cross-sectional area defined by the central baffle 
approaches or may exceed the cross-sectional area of the 
central opening 3 (FIG. 5) of the annular baffle 35. In one or 
more embodiments, the ratio of cross-sectional area of the 
centralbaffle (FIG. 4) to the cross-sectional area of the central 
opening 3 of the annular baffle (which may be about pi (R- 
W)) is at least about 1:5, at least about 1:3 or even at least 
about 2:3 (e.g., from about 1:5 to about 3:1 or from about 1:3 
to about 1:1). The thickness of the annular baffle 35 and the 
central baffle 30 should be sufficient to provide structural 
integrity to the baffles as the first gas passes through the 
exchanger. The edges of the baffles 30, 35 may be beveled to 
reduce pressure drop across the baffles. 
0032 Generally, the exchanger 9 includes a plurality of 
annular baffles 35 and/or a plurality of central baffles 30. For 
example, the exchanger 9 may include at least about two 
annular baffles, or at least about three, at least about four, at 
least about five or even about six or more annular baffles. 
Similarly, the exchanger 9 may include at least about two 
centralbaffles, at least about three, at least about four, at least 
about five or about six or more central baffles. The total 
amount of annular baffles and central baffles may be at least 
about three, at least about five, at least about seven or even 
about ten or more. 

0033. As shown in FIGS. 3 and 11, generally the annular 
baffles 35 and central baffles 30 alternate to allow the first 
process gas to alternately flow to the center of the tube bundle 
to the peripheral region of the tube bundle. In some embodi 
ments, no more than two annular baffles are adjacent to one 
another (i.e., are positioned in the tube bundle such that no 
central baffle is positioned between them) or even no annular 
baffles are adjacent to one another. Additionally or alterna 

Aug. 9, 2012 

tively, in some embodiments no more than two central baffles 
are adjacent to one another or even no central baffle is adja 
cent to another central baffle. 
0034. It has been found that the heat transfer dynamics of 
the heat exchanger and, in particular, heat exchangers used 
within a reaction system for producing trichlorosilane from 
silicon tetrachloride, may be improved by limiting the aver 
age distance D between baffles 30, 35. Accordingly and in 
several embodiments of the present disclosure, the ratio of the 
average axial distance between baffles D and the diameter D. 
of the inner wall 3 of the shell and/or baffles (i.e., 2*R as 
shown in FIGS. 5 and 6) is from about 3:1 to about 1:3, from 
about 2:1 to about 1:2 or from about 2:1 to about 1:1. In this 
regard, the average axial distance D between baffles may be 
determined by dividing the length L of the tube bundle by the 
number N of baffles used to support the tube bundle. 
0035 Referring now to FIG. 7, the exchanger includes a 
distribution plate 40 with a plenum 41 formed therein to 
distribute the second gas 96 into the exchanger. The plenum 
41 is in fluid communication with the peripheral tubes and the 
central tubes to introduce a fluid into the peripheral tubes and 
central tubes. 
0036. In some embodiments and as shown in FIG. 8, the 
heat exchanger 9 includes a second shell 43 that is concentric 
to the first shell (not shown) and has a radius greater than the 
radius of the first shell to form an annular chamber between 
the first shell and second shell. A fluid (e.g., water) may be 
introduced and withdrawn into and from the annular chamber 
to heat or cool the shell-side gas. The fluid may be introduced 
into and withdrawn from the jacket at any number of posi 
tions. 
0037. In this regard, it should be understood that while the 
shell and tube heat exchanger 9 and various corresponding 
parts are generally shown as being cylindrical, other arrange 
ments may be used and the cylindrical arrangement should 
not be considered in a limiting manner. Further, it should be 
understood that while the shell-side and tube-side fluids have 
been generally described hereinas being gases, the fluids may 
also be liquids without limitation. In addition, the shell side 
fluid may transfer heat to the tube-side fluid or the tube-side 
fluid may transfer heat to the shell-side fluid without limita 
tion. 

Reaction Apparatus Including Integrated Shell and Tube Heat 
Exchanger and Reaction Chamber 
0038. The shell and tube heat exchanger9 described above 
may be incorporated into a reactor apparatus for reacting one 
or more compounds in a reactor feed gas and exchanging heat 
between the reactor feed gas and a reactor product gas. Refer 
ring now to FIG.9, the reactor apparatus 3 for reacting one or 
more compounds in a reactor feed gas and exchanging heat 
between the reactor feed gas and a reactor product gas is 
shown. The apparatus 3 includes a shell and tube heat 
exchanger 9" to which a reactor feed gas 94 is introduced and 
a reaction vessel 5 in which the majority of the relevant 
reactions occur. The reactor product gas 81 formed in the 
reaction vessel 5 is introduced into the exchanger 9" thereby 
allowing the product gas 81 and feed gas 94 to thermally 
communicate and exchange heat as more fully described 
below. 
0039 Referring now to FIG. 10 in which the second shell 
and reaction vessel are not shown for clarity, the exchanger9 
includes a shell 25' and a tube bundle 21' partially disposed 
within the shell 25". Unlike the shell and tube heat exchanger 



US 2012/0 199323 A1 

9 shown in FIGS. 1-8, the tube bundle 21" includes an upper 
portion 26 which extends from the shell 25 into the reaction 
vessel 5 (FIG.9) and a lower portion 22 (not shown) which is 
disposed within the shell 25". Unlike the shell and tube 
exchanger 9 shown in FIGS. 1-8, the shell-side inlet and 
tube-side outlet of the exchanger9 are positioned within the 
reaction vessel 5. The shell and tube exchanger 9" includes a 
terminal flange 27 in which the tubes are secured at their 
upper end. 
0040. The arrangement of the baffles 30, 35 in the 
exchanger 9" is shown in FIG. 11. The arrangement generally 
corresponds to the arrangement described above in regard to 
exchanger 9 (including the ratios of the average distance 
between baffles and baffle diameter) and as shown in FIG. 3; 
however the exchanger 9" includes two additional annular 
baffles 35 that provide support to the upper portion 26 (FIG. 
10) of the tube bundle 21'. These two additional baffles 35 are 
optional and in Some embodiments, the exchanger 9' only 
includes one additional baffle 35 that supports the upper 
portion 26 (FIG. 10) of the tube bundle 21' or, as in other 
embodiments, no additional baffles are used. As can be seen 
from FIG. 11 and according to some embodiments of the 
present disclosure, no more than two annular baffles are adja 
cent to one another and no centralbaffle is adjacent to another 
centralbaffle. The flow pattern of the product gas 81 is shown 
in FIG. 11 for clarity. In this regard, the product gas 81 may 
enter the reactor by entering the space formed within any part 
of the portion 26 (FIG.10) of the tube bundle 21" that extends 
into the reaction vessel 5 (FIG. 9). In some embodiments, a 
shell (not shown) partially covers the portion 26 (FIG. 10) of 
the tube bundle 21" that extends into the reaction vessel such 
that the product gas enters the exchanger 9" above the shell 
(e.g., the shell may cover the two top-most peripheral baffles 
35 and the product gas enters between the terminal flange 27 
and top-most peripheral baffle 35). Note that other baffle 
arrangements are contemplated within the scope of this dis 
closure. 

0041 Referring again to FIG. 9, the walls of the reaction 
vessel 5 include a capped cylindrical wall 52 and a base plate 
55 that define a reaction chamber 60 in which the relevant 
reactions occur. The vessel 5 may include a number of heating 
elements (e.g., resistance heaters) in the chamber 60 to heat 
the incoming gases and may also include one or more heat 
shields within the vessel to prevent escape of corrosive gases 
and to insulate the vessel 5. In some embodiments, the reactor 
vessel 5 includes an innerheat shield and an outer heat shield. 
The inner heat shield may prevent escape of gases (e.g., 
hydrogen, silicon tetrachloride) and may be constructed of 
for example, extruded graphite, isostatic graphite, silicon car 
bide, quartz and silicon nitride. The outer shield may be used 
to prevent heat from being lost from the reactor apparatus 3 
and may be composed of for example, carbon fibers, soft felt, 
rigid felt, carbon composite materials, natural graphite sheets 
and quartz. The materials of construction for the reaction 
vessel 5 and heat exchanger9' (and also exchanger9 shown in 
FIGS. 1-8) may be selected to be resistant to corrosion in an 
environment that includes exposure to the various fluids 
transferred and/or reacted therein. Suitable materials of con 
struction are conventional and well-known in the field of the 
disclosure and include, for example, silicon carbide, stainless 
steel, INCONEL alloys and HASTELLOY alloys. In some 
embodiments, the tube bundle 21 is constructed of a silicon 
carbide (e.g., a sintered silicon carbide). 

Aug. 9, 2012 

0042. The reactor apparatus 3 may be operated in accor 
dance with any of the known methods for reacting the various 
reactants and product gases chosen for use. Generally the 
reactor feed gas (or feed gases in embodiments wherein two 
or more different reactor feed gases are used) are introduced 
into the peripheral tubes and/or central tubes of the shell and 
tube heat exchanger 9". The reactor feed gas is discharged into 
the reaction vessel to cause one or more compounds of the 
reactor feed gas to react and to form the reactor product gas. 
After reaction, the reactor product gas is introduced back into 
the exchanger 9" into the chamber formed between the tube 
bundle and the shell. 
0043. In this regard, it is generally advantageous to dis 
charge the reactor gases into the chamber 60 at a point above 
where the product gas is fed back into the exchanger 9" as 
shown in FIG.9 to prevent reactor gases from being fed back 
into the exchanger 9' and being discharged from the reactor 
apparatus 3 before reaction may occur. The peripheral and 
central tubes may terminate in a nozzle (i.e., any discharge 
opening Smaller than the tubes themselves) to provide motive 
force and allow the gases to reach the upper portions of the 
chamber before being drawn back to the point at which the 
product gas is drawn back into the exchanger9". In this regard, 
it should be understood that the reactor feed gas may partially 
react in the tubes themselves during heating or cooling of the 
reaction gas. 
Production of Trichlorosilane from Silicon Tetrachloride 
0044. In one or more particular embodiments of the 
present disclosure, the reactor apparatus 3 is used to produce 
trichlorosilane from silicon tetrachloride and hydrogen. Sili 
contetrachloride generally reacts with hydrogen to produce 
trichlorosilane according to the following reaction, 

SiCl-H-->SiHCl+HCI (1). 

A small amount of trichlorosilane can further react with 
hydrogen to form dichlorosilane according to the following 
reaction: 

SiHCl+H-->SiH,Cl+HCl (2). 

Silicon tetrachloride and hydrogen may be included in the 
reactor feed gas that is introduced into the tubes of the shell 
and tube exchanger9'. The silicon tetrachloride and hydrogen 
are further heated in the reaction vessel (e.g., by use of resis 
tive elements) to form a product gas comprising trichlorosi 
lane, hydrogen chloride, unreacted silicon tetrachloride and 
hydrogen. The resulting product gas is introduced into the 
exchanger 9" to heat the incoming reaction feed gas. As 
described above in regard to FIG. 8, the exchanger9' includes 
a second shell 43 that forms an annular chamber between the 
first shell and second shell in which a cooling fluid may be 
circulated. This allows the shell-side product gases to be 
rapidly quenched to reduce the corrosiveness thereof before 
down stream processing (e.g., purification, polycrystalline 
production) and to increase reaction conversion (i.e., to pre 
vent trichlorosilane from reverting back to silicon tetrachlo 
ride or other compounds). 
0045. Further in this regard, any vessel 5 suitable for the 
hydrogenation reaction as appreciated by those of skill in the 
art may be used without limitation. The vessel 5 may include 
a number of heating elements to heat the incoming gases to a 
temperature which favors conversion to trichlorosilane. The 
contents of the reaction vessel 5 may be heated to a tempera 
ture of at least about 800° C. to convertsilicon tetrachloride to 
trichlorosilane. In some embodiments, silicon tetrachloride 
and hydrogen are heated to a temperature of at least about 
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900° C., at least about 1000° C. or even at least about 1100° 
C. (e.g., from about 800° C. to about 1200° C. or from about 
1000° C. to about 1200° C.). The reaction vessels may also be 
pressurized to promote formation of trichlorosilane. For 
instance, the reaction vessel 5 may be operated at a pressure of 
at least about 2 bar and, in other embodiments, at least about 
5 bar, at least about 10 bar or even at least about 15 bar (e.g., 
from about 2 bar to about 20 bar or from about 8 bar to about 
15 bar). The ratio of hydrogen to silicon tetrachloride intro 
duced into the reaction apparatus 3 may vary depending on 
the reaction conditions. Use of a stoichiometric excess of 
hydrogen typically results in increased conversion to trichlo 
rosilane. In various embodiments, the molar ratio of hydrogen 
to silicon tetrachloride is at least about 1:1, at least about 2:1 
or even at least about 3:1 (e.g., from about 1:1 to about 5:1 or 
from about 1:1 to about 3:1). In this regard, it should be 
understood that typically silicon tetrachloride and hydrogen 
are in the same feed gas, however, in certain embodiments, 
silicon tetrachloride and hydrogen may be introduced into the 
reaction apparatus such that the gases travel in separate tubes 
and do not mix until entry into the reaction chamber 5. 
0046 Generally, at least about 20% of silicon tetrachlo 
ride is converted to trichlorosilane in the reactor with conver 
sions of at least about 30% or even at least about 40% being 
possible (e.g., from about 20% to about 40% conversion). The 
resulting hydrogenated gas contains trichlorosilane, a small 
amount of by-product dichlorosilane, unreacted silicon tetra 
chloride, unreacted hydrogen and hydrogen chloride. 
Depending on the amount of excess hydrogen added to the 
reaction apparatus 3, the amount of trichlorosilane in the 
product gas may be at least about 5 Vol % and, in other 
embodiments, at least about 15 vol%, or at least about 25 vol 
%, (e.g., from about 5 vol% to about 40 vol%, from about 5 
vol% to about 20 vol% or from about 5 vol% to about 10 vol 
%). Likewise, the amount of hydrogen chloride in the hydro 
genated gas may be at least about 5 Vol % and, in other 
embodiments, at least about 15 vol%, or at least about 25 vol 
%, (e.g., from about 5 vol% to about 40 vol%, from about 5 
vol% to about 20 vol% or from about 5 vol% to about 10 vol 
%). The amount of unreacted silicon tetrachloride may be at 
least about 10 vol%, at least about 20 vol%, at least about 30 
vol% or at least about 40 vol% of the product gas stream 
(e.g., from about 10 vol% to about 40 vol%, from about 10 
vol% to about 30 vol% or from about 15 vol% to about 25 
vol%). The amount of by-product dichlorosilane may be at 
least about 0.2 vol%, at least about 0.4 vol%, at least about 
0.8 vol% or at least about 1.0 vol%. The remainder of the 
product gas is typically hydrogen. For instance, the reactor 
product gas may include at least about 40 vol% hydrogen or, 
as in other embodiments, at least about 50 vol%, at least about 
60 vol%, at least about 70 vol% or even at least about 80 vol 
% hydrogen (e.g., from about 40 vol% to about 90 vol%. 
from about 50 vol% to about 80 vol% or from about 60 vol 
% to about 80 vol%). 
0047. In this regard it has been found that a reactor appa 
ratus 3 that includes an exchanger9 with a baffle arrangement 
as shown in FIG. 11 may produce favorable shell-side and 
tube-side temperature profiles in the production of trichlo 
rosilane. Specifically it has been found that the tube-side 
reactor feed gases may be heated to at least about 600° C., at 
least about 650° C. or even at least about 700° C. (e.g., from 
about 600° C. to about 850° C., from about 600° C. to about 
800° C.) prior to introduction into the reactor. Further, the 
shell-side product gas is rapidly cooled which is kinetically 
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advantageous and which helps prevent corrosive hotspots in 
the exchanger 9" (e.g., at the point at which the shell 25 is 
attached to the reaction vessel 5). The trichlorosilane-con 
taining reactor product gas may be cooled to less than about 
550°C. or even less than about 450° C. before exiting the shell 
and tube heat exchanger 9". 
0048. The methods described above relating to production 
of trichlorosilane from silicon tetrachloride may be incorpo 
rated into a larger system for producing polycrystalline sili 
con. For example, trichlorosilane from the reactor product gas 
may be introduced into a second reaction vessel to produce 
polycrystalline silicon. The second reaction vessel may be a 
fluidized bed in which trichlorosilane is contacted with flu 
idized silicon particles to deposit silicon on the particles to 
allow the particles to continuously grow in size until they exit 
the reactor as polycrystalline silicon product (i.e., "granular 
polycrystalline silicon) or may be a Siemens-type reactor in 
which silicon deposits on heated silicon rods. 
0049. The reactor product gas may be introduced into a 
purification system (e.g., one or more distillation columns) to 
produce a purified trichlorosilane stream prior to introduction 
into the second reaction vessel to produce polycrystalline 
silicon (i.e., hydrogen chloride and/or silicon tetrachloride 
may be removed from the reactor product gas). Additionally, 
the separation system may separate unreacted silicon tetra 
chloride for recycle of silicon tetrachloride to the reactor 
apparatus 3. The reactor product stream may be purified to 
contain less than about 10 vol% of compounds other than 
trichlorosilane (e.g., silicon tetrachloride) and may contain 
even less impurities, such as less than about 5 vol%, less than 
about 1 vol%, less than about 0.1 vol% or even less than 
about 0.001 vol% of compounds other than trichlorosilane. 
0050. The purified reactor product gas is introduced into 
the fluidized bed reactor (or Siemens reactor in embodiments 
wherein Siemens-type reactors are used) in which it fluidizes 
growing silicon seed particles to produce polycrystalline sili 
con which may be withdrawn from the reactor as polycrys 
talline silicon product. Polycrystalline silicon is produced 
from trichlorosilane with formation of silicon tetrachloride 
by-product according to the following reactions, 

SiHCl+H-->Si+3HCI (3), 

SiHCl+HC1->SiCl-H (4). 

0051. In addition to trichlorosilane, hydrogen is intro 
duced into the fluidized bed reactor as a carrier gas and to 
improve the overall conversion to polycrystalline silicon. The 
fluidized bed reactor may be operated in accordance with 
U.S. application Ser. No. 12/910,465, filed Oct. 22, 2010, 
entitled “Production of Polycrystalline Silicon by the Ther 
mal Decomposition of Trichlorosilane in a Fluidized Bed 
Reactor, which is incorporated herein by reference for all 
relevant and consistent purposes. For instance, trichlorosilane 
may be directed to the core region of the reactor and the 
overall concentration of trichlorosilane introduced into the 
reactor may be at least about 20% by volume (e.g., from about 
20% to about 50% by volume). Incoming feed gases may be 
at a temperature of less than about 350° C. The reactor may be 
operated at less than about 90% equilibrium and with a resi 
dence time of less than about 10 seconds. The reactor may be 
operated at a pressure of from about 3 bar to about 8 bar and 
the reaction gases may be heated to a temperature of at least 
about 700° C. (e.g., from about 700° C. to about 1300° C.). 
The gas velocity through the fluidized bed reactor may be 
generally maintained at a velocity of from about 1 to about 8 
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times the minimum fluidization velocity necessary to fluidize 
the particles within the fluidized bed. The mean diameter of 
the particulate polycrystalline silicon that is withdrawn from 
the reactor may be from about 800 um to about 1200 um. 
Quench gases may be introduced into the reactor (e.g., at a 
freeboard region of the reactor) to reduce the temperature of 
the effluent gas before being discharged from the reactor to 
suppress formation of silicon dust. The fluidized bed reactor 
may include an outer shell in which an inert gas is maintained 
at a pressure above the pressure of the process gases (e.g., a 
pressure within the range of about 0.005 bar to about 0.2 bar) 
to ensure process gases do not flow through cracks and holes 
within the reaction chamber. 

0052. In some embodiments of the present disclosure, the 
conversion of trichlorosilane in the fluidized bed reactor may 
be at least about 40%, at least about 55%, at least about 70% 
or even at least about 80% (e.g., from about 40% to about 90% 
or from about 55% to about 90%). The selectivity toward 
deposited silicon may be at least about 10%, at least about 
15%, at least about 20%, at least about 25% or even at least 
about 30% (e.g., from about 15% to about 40% or from about 
20% to about 30%). 
0053. The effluent gas that exits the fluidized bed reactor 
includes silicon tetrachloride, unreacted trichlorosilane and 
hydrogen. The effluent gas may also contain minor amounts 
of other gases (e.g., hydrogen chloride) and silicon dust. In 
Some embodiments of the present disclosure, the effluent gas 
may contain at least about 10 vol% silicon tetrachloride, at 
least about 15 vol%, at least about 20 vol% or at least about 
30 vol% silicon tetrachloride (e.g., from about 10 vol% to 
about 40 vol% or from about 10 vol% to about 20 vol% 
silicon tetrachloride). The effluent gas may include at least 
about 10 vol% unreacted trichlorosilane, at least about 15 vol 
%, at least about 20 vol% or at least about 30 vol% unreacted 
trichlorosilane (e.g., from about 10 vol% to about 40 vol% or 
from about 10 vol% to about 20 vol% unreacted trichlorosi 
lane). The bulk of the remainder of the effluent gas is typically 
hydrogen. For instance, the effluent gas that exits the fluidized 
bed reactor may include at least about 40 vol% hydrogen, at 
least about 50 vol%, at least about 60 vol%, at least about 70 
vol%, at least about 80 vol% or even at least about 90 vol% 
hydrogen (e.g., from about 40 vol% to about 90 vol% or from 
about 60 vol% to about 80 vol%). The amount of hydrogen 
chloride in the effluent gas may be less than about 5 vol% and 
is typically less than about 1 vol% (e.g., from about 0.1 vol% 
to about 5 vol%). The amount of silicon dust in the effluent 
gas may be from about 0.1 wt % to about 5 wt %. In this 
regard, it should be understood that the above-referenced 
percentage inclusion for the recited components are exem 
plary and other relative amounts of components may be used 
without departing from the scope of the present disclosure. 
0054. In embodiments wherein fluidized bed reactors are 
used, the effluent gas produced from the fluidized bed reactor 
may pass through a particulate separator to remove silicon 
dust produced as a by-product of the thermal decomposition 
of trichlorosilane. Suitable particulate separators include, for 
example, sintered metal filters, bag filters, cyclonic separators 
and liquid scrubbers. The separated silicon tetrachloride by 
product and/or trichlorosilane may be recycled to the first 
reactor apparatus 9" (FIG.9) after optional purification steps 
(e.g., after removal of hydrogen chloride and/or silicon tetra 
chloride) by introducing the silicon tetrachloride by-product 
into the peripheral and central tubes of the shell and tube heat 
exchanger. 
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0055. In this regard, it should be understood that the reac 
tor apparatus described above may be used in a Substantially 
closed loop system for producing polycrystalline silicon Such 
as the processes and systems described in U.S. patent appli 
cation Ser. No. 12/910,553, filed Oct. 22, 2010, entitled “Pro 
duction of Polycrystalline Silicon in Substantially Closed 
Loop Systems,” which is incorporated herein by reference for 
all relevant and consistent purposes. 
0056. It is to be noted that, unless otherwise stated, the 
various concentrations, concentration ranges, percent inclu 
sions, ratios, operating parameters (e.g., temperatures, pres 
sures, conversion) and the like recited herein, are provided for 
illustration purposes only and therefore should not be viewed 
in a limiting sense. It is to be additionally noted that all 
various combinations and permutations of compositions, 
concentrations, percent inclusions ratios, components, oper 
ating parameters and the like are intended to be within the 
Scope of and Supported by the present disclosure. 
0057 When introducing elements of the present disclo 
sure or the embodiment(s) thereof, the articles “a”, “an', 
“the' and “said are intended to mean that there are one or 
more of the elements. The terms “comprising”, “including 
and “having are intended to be inclusive and mean that there 
may be additional elements other than the listed elements. 
0.058 As various changes could be made in the above 
apparatus and methods without departing from the scope of 
the disclosure, it is intended that all matter contained in the 
above description and shown in the accompanying figures 
shall be interpreted as illustrative and not in a limiting sense. 
What is claimed is: 
1. A shell and tube heat exchanger for transferring heat 

between two process streams, the exchanger comprising: 
a shell; 
a tube bundle within the shell, the bundle comprising a 

plurality of central tubes and a plurality of peripheral 
tubes; 

an annular baffle having an outer edge, an inner edge, and 
a plurality of peripheral openings formed between the 
outer edge and the inner edge, wherein the peripheral 
tubes pass through the peripheral openings; and 

a central baffle having a plurality of central openings, 
wherein the central tubes pass through the central open 
1ngS. 

2. The shell and tube heat exchanger as set forth in claim 1 
wherein the central baffle has an outer edge and wherein the 
peripheral tubes pass between the outer edge of the central 
baffle and the shell. 

3. The shell and tube heat exchanger as set forth in claim 1 
further comprising at least about two annular baffles. 

4. The shell and tube heat exchanger as set forth in claim 1 
further comprising at least about three annular baffles and 
wherein no more than two annular baffles are adjacent to one 
another. 

5. The shell and tube heat exchanger as set forth in claim 1 
further comprising at least about two central baffles. 

6. The shell and tube heat exchanger as set forth in claim 1 
further comprising at least about three central baffles and 
wherein no more than two central baffles are adjacent to one 
another. 

7. The shell and tube heat exchanger as set forth in claim 1 
wherein the sum of annular baffles and central baffles is at 
least about five. 

8. The shell and tube heat exchanger as set forth in claim 1 
further comprising a second shell that is concentric to the first 
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shell and has a radius greater than the radius of the first shell, 
the first shell and second shell forming an annular chamber 
between the first shell and second shell. 

9. The shell and tube heat exchanger as set forth in claim 1 
further comprising a distribution plate with a plenum formed 
therein, the plenum being in fluid communication with the 
peripheral tubes and the central tubes to introduce a fluid into 
the peripheral tubes and central tubes. 

10. The shell and tube heat exchanger as set forth in claim 
1 wherein the ratio of the average axial distance between 
baffles D, and the diameter D. of the shell is from about 3:1 to 
about 1:3. 

11. The shell and tube heat exchanger as set forth in claim 
1 wherein the central tubes pass through the annular baffle 
inward to the inner edge of the annular baffle. 

12. The shell and tube heat exchanger as set forth in claim 
1 in combination with a first fluid, the first fluid passing 
through a chamber formed between the tube bundle and the 
shell, wherein the central baffle has an outer edge and the first 
gas passes between the outer edge of the centralbaffle and the 
shell and passes inward to the inner edge of the annular baffle. 

13. The shell and tube heat exchanger as set forth in claim 
12 in combination with a second fluid, the second fluid pass 
ing through the central and peripheral tubes. 

14. The shell and tube heat exchanger as set forth in claim 
1 wherein the central baffle has an outer edge and a plurality 
of flare-out portions that extend to the shell. 

15. The shell and tube heat exchanger as set forth in claim 
1 wherein the ratio of the cross-sectional area defined annular 
baffle to the cross-sectional area defined by the shell is at least 
about 1:10. 

16. The shell and tube exchanger as set forth in claim 1 
wherein the annular baffle has a central opening inward to the 
inner edge of the annular baffle and wherein the ratio of 
cross-sectional area of the centralbaffle to the cross-sectional 
area of the central opening of the annular is at least about 1:5. 

17. A method for transferring heat between two process 
streams by use of a shell and tube heat exchanger, the shell 
and tube heat exchanger comprising a shell, a tube bundle 
within the shell with a chamber being formed between the 
tube bundle and the shell, the bundle comprising a plurality of 
central tubes and a plurality of peripheral tubes between the 
central tubes and the shell, an annular baffle having a outer 
edge, an inner edge and a plurality of peripheral openings 
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formed within the outer edge and the inner edge, wherein the 
peripheral tubes pass through the peripheral openings; and a 
central baffle having a plurality of central openings and an 
outer edge and wherein the peripheral tubes pass between the 
outer edge of the central baffle and the shell and the central 
tubes pass through the central openings, the method compris 
1ng: 

introducing a first process gas into the chamber formed 
between the tube bundle and the shell, the first process 
gas passing through the central openings of the annular 
baffles and between the outer edge of the central baffles 
and the shell; and 

introducing a second process gas into the peripheral tubes 
and the central tubes. 

18. The method as set forth in claim 17 wherein the first 
process gas and the second process gas are in a countercurrent 
arrangement as they pass through the shell and tube heat 
exchanger. 

19. The method as set forth in claim 17 wherein the shell 
and tube heat exchanger comprises at least about two annular 
baffles. 

20. The method as set forth in claim 17 wherein the shell 
and tube heat exchanger comprises at least about two central 
baffles. 

21. The method as set forth in claim 17 wherein the shell 
and tube heat exchanger comprises a second shell that is 
concentric to the first shell and has a radius greater than the 
radius of the first shell, the first shell and second shell forming 
an annular chamber between the first shell and second shell, 
the method comprising introducing a third fluid into the annu 
lar chamber. 

22. The method as set forth in claim 17 wherein the ratio of 
the average axial distance between baffles D and the diam 
eter D of the shell is from about 3:1 to about 1:3. 

23. The method as set forth in claim 17 wherein the ratio of 
the cross-sectional area defined annular baffle to the cross 
sectional area defined by the shell is at least about 1:10. 

24. The method as set forth inclaim 17 wherein the annular 
baffle has a central opening inward to the inner edge of the 
annular baffle and wherein the ratio of cross-sectional area of 
the central baffle to the cross-sectional area of the central 
opening of the annular is at least about 1:5. 
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