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[57] ABSTRACT 
In a woven ceramic heat exchanger using the basic 
tube-in-shell design, each heat exchanger consisting of 
tube sheets and tube, is woven separately. Individual 
heat exchangers are assembled in cross-?ow con?gura 
tion. Each heat exchanger is woven from high tempera 
ture ceramic ?ber, the warp is continuous from tube to 
tube sheet providing a smooth transition and unitized 
construction. 

13 Claims, 5 Drawing Figures 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like my use the term patent, or any term 
suggestive of a potent, when referring to a statutory in 
vention registration. For more specific information on the 
rights associated with a statutory invention registration ' 
see 35 U.S.C. 157. 
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WOVEN HEAT EXCHANGER 

CONTRACTUAL ORIGIN OF THE INVENTION 

The United States Government has rights in this 
invention pursuant to Contract No. DE-AC07-7 
6ID01570 between the US. Department of Energy and 
EG&G Idaho, Inc. 

BACKGROUND OF THE INVENTION 

This invention relates generally to a heat exchanger 
for waste heat recovery from high temperature indus 
trial exhaust streams. 
The Environmental Protection Agency (EPA) esti 

mated that 23% of the major or energy intensive indus 
trial fuels and electricity energy consumption is dis 
charged as waste heat in ?ue gases. Industry has at 
tempted to decrease the amount of this lost energy with 
waste heat recovery systems (recuperators or regenera 
tors). However, because of the high temperatures and 
corrosive constituents in the waste heat streams, lack of 
durability of the construction materials has limited re 
covery. Recovery of waste heat from high-temperature 

' industrial gas streams is most commonly done by pre 
heating combustion air using either a recuperator or a 
regenerator. Generally, a a recuperator uses the exhaust 
gas to heat the combustion air directly or through a 
partition wall. A regenerator normally allows hot ex 
haust gas and combustion air to move alternately 
through the same passage, thus indirectly heating the 
combustion air. Historically, recuperators and waste 
heat boilers have been constructed of metal. However, 
these conventional metallic heat exchangers cannot 
survive for extended periods in high-temperature, dirty 
environments without incurring severe performance 
penalities. Failure of the system affects not only its 
ability to recover waste heat, but also the operation of 
the process to which it is attached. Corrosion has debili 
tating effects on most all metals, causing premature 
failures and/or excessive leakages. Fouling decreases 
heattransfer rate, increases pressure drop, and adds 
expense due to increased surface area and the necessity 
for cleaning and refurbishing. > 

Ceramics, an alternative to metals, allow signi?cantly 
higher material temperatures and offer resistance to 
many corrosive constituents in industrial waste streams. 
However, certain technical limitations exist which se 
verely restrict the application of advanced ceramic heat 
exchangers in high temperature fouling and corrosive 
waste streams. These include the high costs for ceramic 
fabrication, problems with satisfactorily joining ceram 
ics, the lack of data-and accurate methods to predict 
thermal-structural behavior of ceramics especially as 
affected by long-term exposure to corrosive environ 
ments, the sensitivity of some of the more corrosive 
resistant ceramics to thermal shock fracture, and the 
inability .to detect and evaluate ?aws causing failure. 
Some major» waste heat streams include glass melting, 

aluminum remelt, and steel soaking and reheat furnace 
?ue gases. Although many other sources of waste heat 
exist, these three represent the largest quantity of waste 
heat. The streams are .very high temperature, generally 
1500' to 28(1)‘ F. and usually contain highly corrosive 
constituents which ‘degrade-the materials and contain 
particulates thattend to build up and foul the heat ex-V 
changer. 
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Therefore it is an object of the present invention to 

provide a ceramic heat exchanger suitable for use in 
waste heat streams. 

It is another object of the present invention to pro 
vide a heat exchanger suitable for use at high tempera 
tures and resistant to corrosion and fouling. 

Additional objects, advantages, and novel features of 
the invention will be set forth in part in the description 
which follows, and in part will become apparent to 
those skilled in the art upon examination of the follow 
ing or may be learned by practice of the invention. 

SUMMARY OF THE INVENTION 

To achieve the foregoing and other objects and in 
accordance with the purposes of the present invention, 
a tube-in-shell heat exchanger may comprise a first tube 
sheet; a second tube sheet; and a tube extending from 
the ?rst tube sheet to the second tube sheet, the tube 
sheets and tube being formed of woven ceramic ?bers. 
Preferably, the ceramic warp ?bers extend from each 
tube sheet to the tube forming a continuous transition 
from the ?rst tube sheet to the tube and from the second 
tube sheet to the tube. The tube sheet being woven with 
the same ?bers that form the tube warp allows a smooth 
load carrying transition from tube to tube sheet with a 
resulting low pressure drop. This also permits the tube 
sheet to have the same thickness as the tube itself, mini 
mizing any thermally induced stresses from discontinu 
ities in the transition area. The thin tube sheet will also 
be an effective heat transfer surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated in the accompany 
ing drawings wherein: 
FIG. 1 is an isometric of three woven tube-in-shell 

heat exchangers, each having a single tube. 
FIG. 2 is a top view of the weaving pattern on the 

tube sheet for nine tube-in-shell heat exchangers assem 
bled together. 
FIG. 3 is a cross section of an operative heat ex 

changer. 
FIG. 4 is a view showing one means of weaving a 

heat exchanger tube. 
FIG. 5 is a view showing another means of weaving 

a heat exchanger tube. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The woven tube ceramic heat exchanger is a basic 
tube-in~shell design, differing from the traditional de 
sign in the materials fabrication methods used, and the 
con?guration of tubes and tube sheets. Referring to 
FIG. 1 three tube-in-shell heat exchangers 10 are 
shown. In this embodiment, each heat exchanger is 
woven separately and then the individual heat exchang 
ers are assembled in a cross-?ow con?guration. Each 
heat exchanger is woven from high temperature ce 
ramic ?ber into a one piece tension structure composed 
of a tube and tube sheets. The warp is continuous from 
tube to tube sheet providing a smooth transition. The 
weft is partly shown for clarity and extends continu 
ously from tube to tube sheet surface. Alternatively, 
more than one tube could be woven into the tube sheets. 
In FIG. 2 there are shown nine heat exchangers 10 from 
a top view as they would be assembled together to form 
a larger heat exchanger. ' 

Referring to FIG. 3, there is shown one embodiment 
of a complete operative cross flow heat exchanger in 
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corporating the particular tubes which are the subject 
this disclosure. The components are contained within‘ a 
recupurator shell 12 within which is provided a central 
passageway 14 into which exhaust gas enters and out of 
which exhaust exits after passing between individual 
tubes 16. The tubes are formed as otherwise herein 
disclosed. Combustion air enters the assembly at inlet 
port 18 and passes through half the pipes via inlet ple 
num 20. Combustion air then flows through the other 
half of the tubes 16 via combustion air plenum 22 as 
indicated by the arrows and leaves the exchanger via 
outlet plenum 24 and output port 26. Each tube 16 is 
connected in a matrix to top tube sheet 28 and bottom 
tube sheet 30 as shown for example in FIG. 2. 
Weaving is already an automated, well-established 

industry and only relatively minor changes, if any, are 
needed to handle ceramic ?ber, mainly related to ?ber 
flexibility. The computer and computer-controlled 
looms make possible a great variety of design variations. 
Tubes can be made in many shapes or con?gurations 
determined to be effective for a speci?c waste stream. 
Tubes can be arranged as desired for fouling and corro 
sion resistance, ease of cleaning and inspection, and 
stress ?eld optimization or redirection. Heat exchanger 
design for each application can be easily optimized with 
the aid of the computer controlled loom if a detailed 
analysis model is developed. 
An alternate construction method may be used in 

cases where heat exchangers are “built up” from three 
parts: a ?at woven tube sheet with holes woven or cut, 
a woven/braided tube, and a transition piece to connect 
the two. Rather than weave the heat exchanger as a 
unit, modules of the heat exchanger may be woven and 
then joined together. 
The one-piece (unitized) construction has the poten 

tial to eliminate leaks between tubes and tube sheets, 
and the uniform material thickness (preferably 0.060 in 
thick or less) has the potential to eliminate thermal 
gradient stresscaused by material thickness changes. 
The radiused transition from tube to tube sheet as seen 
in FIG. 1 permits the smooth transfer of loads, from 
pressure or thermal expansion, without stress concen 
tration such that stress ?elds are more constant and 
change more gradually when they do change. If some 
?bers have ?aws or are overstressed and break, others 
carry the load and the recuperator does not completely 
fail, as would a unit made of monolithic ceramic mate 
rial. Another advantage of the woven heat exchanger is 
that the thin and relatively lightweight fabric uses only 
the required amount of material which helps to mini 
mize costs.’ 
Some commercially available ceramic ?bers include 

silicon carbide (available as Nicalon ® SiC continuous 
?ber--500 ?lament), alumina (available as Fiber FP @ 
yarn—200 ?lament/yam) and zirconium oxide (stabi 
lized). (Nicalon is a Nippon Carbon Co., Trademark 
and FF is a DuPont Trademark.) 

Since ceramics display excellent compressive 
strength and ?bers have excellent tensile strength, the 
woven tube-in-shell heat exchanger can be built to with 
stand greater compressive stresses by embedding the 
heat exchanger in a matrix, as shown in FIG. 4, or the 
individual strands can be coated with a ceramic material 
after weaving. In FIG. 4, the warp strands 34 are woven 
with the weft strands 36 and are contained within ma 
trix 38. 

If a ceramic ?ber/matrix is susceptible to corrosion 
by a particular gas stream constituent, the matrix can be 
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coated with a resistant material or another compound 
can be added to to the matrix. In this way, a matrix or 
coating can be compounded to exhibit speci?c proper 
ties, or Strati?ed for special chemical resistances. Some 
suitable matrix materials include zirconia and stabilized 
zirconia types. 
The woven heat exchanger lends itself to the tech 

niques of NDE and acoustic emission, especially since 
the diameter of all ceramic ?bers in a heat exchanger 
need not be the same. If tracer strands, sized to break 
well before the main ?bers, are included in the weave, 
acoustic transducers can be used to detect for fractured 

_ ?bers and identify set point stress levels and their loca 
tion. This information can be used to predict maximum 
safe stress versus operating condition variables, stress 
?eld concentrations, and to indicate impending failure. 
This technique can also be used to indicate when fatigue 
limits are imminent and replacement is required. 
Varying ?ber diameters instead of ?ber materials is 

also useful for heat transfer. The ratio of surface rough 
ness to hydraulic diameter for a speci?c operating con 
dition can be varied to yield the desired heat transfer 
coefficient and pressure drop. Braiding or weaving a 
large diameter ?ber spirally into a tube will act as a 
turbulator. Adding or making ?ns integral to the tube 
structure is possible, but adds complexity and cost. 
Weaving wooly yarn strands to act as pin ?ns is much 
simpler. As shown in FIG. 5 the weft strand 40 can be 
coiled above wooly ?bers 42 with the warp strands 44 
interspersed with weft strand 40. On the gas side of the 
heat exchanger, the wooly ?bers induce turbulence in 
addition to acting as pin ?ns. Properly positioned wooly ' 
?bers delay boundary layer separation and may damp 
vortex shedding oscillations. 

In long tubes, weft threads take the hoop stress and 
could have a smaller cross section than warp threads, 
which run longitudinally. Warp threads bear tube 
weight and transfer loads to the tube sheet. At the tran 
sition area between tubes and tube sheet, weft threads 
could be increased in size to stiffen the transition area 
from tube to tube sheet. With the unitized tube design, 
computer-controlled looms can make almost any 
smooth transition geometry. 

Chemical attack by gas stream constituents can be 
by coating the ?bers with an impervious 

material such as high viscosity glasses, alumina, and 
mullite. Embedding the ceramic ?bers in a rigid matrix 
decreases buckling of the unsupported ?bers and also 
prevents environmental attack. 
No matter how tightly a ?ber is woven, some gaps 

between ?bers will occur resulting in leakage. How 
ever, leakage can be effectively eliminated by the 
choice of material for the ceramic ?bers. 
For example, SiC forms an oxide coating on its outer 

layer at high temperatures, and zirconia ?bers'sinter to 
each other above 2500' F. These coating/binding mech 
anisms seal the pores between ?bers eliminating leak 
age. Leakage can also be eliminated with a viscous glass 
in the gaps, or a matrix encapsulating the ?bers. A vis 
cous glass coating has the additional bene?t of dampen 
ing oscillations, and a rigid matrix also sti?'ens the struc 
ture. 
The woven tube-in-shell design has several inherent 

advantages to limit fouling. These advantagu include 
the relatively large passages that do not readily plug 
and flexibility of design which allows for smooth con 
tours to minimize dead regions where fouling occurs. 
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EXAMPLE DESIGN CALCULATION FOR A 
WOVEN HEAT EXCHANGER 

The following analysis was completed to size a ce 
ramic woven heat exchanger to be used as a recuperator 
in a typical steel soaking pit. The stream conditions and 
performance parameters for this application are given in 
Table 1. Table 2 summarizes the calculated geometry 
and performance. A summary of the analysis method is 
given below. 

Analysis of the woven tube designs is predicated on 
the following assumptions: the tube to tubesheet transi 
tion is well-rounded resulting in entrance and exit flow 
coef?cients of 0.04 and L0 respectively (Crane: Flow of 
Fluids p. A-29); there is heat transfer across the tube 
sheets; rectangular ducts are used with round tubes 
axially oriented along the height dimension (i.e., run 
ning top to bottom not side to side) the loss coef?cient 
due to turning (for multiple pass units) is z3.6 for each 
turn (Idel’Chik: Handbook of Hydraulic Resistance, 
diag. 6-21) based on rectangular turning ducts of 1.0 
aspect ratio and a between pass length of zero; and a 
staggered tube arrangement. 

Analysis was performed on a HP-4lC calculator 
using a program speci?cally developed using the above 
assumptions. Initially, geometry parameters, air and gas 
stream conditions, and air/gas/material properties, and 
the maximum allowed gas AP are input. After calculat 
ing the number of tubes in the ?rst row and other as 
sorted flow variables, the maximum number of total 
tube rows is calculated based on gas AP max (Kreith: 
Principles of Heat Transfer, eq. 9-11 and 9-12). The 
user then chooses the number of air side passes and the 
total number of tube rows which does not exceed the 
maximum number. The only restriction is that an inte 
ger value will result when dividing the total number of 
rows by the number of passes. The gas side AP is then 
calculated based on the total number of rows. If the gas 
side Reynolds number is below 1000, the user is referred 
to FIG. 9.18 (Kreith: Principles of Heat Transfer) for 
the gas side friction factor. The air side AP is then calcu 
lated by manipulation of Darcy’s formula for heat loss. 
Air side friction factors are calculated by one of four 
single phase correlations from the TRAC computer 
code. The applicable correlation is chosen based on 
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Reynolds number and relative roughness, e/D. Abso 
lute roughness, s, can be input by the user or for ce 
ramic coated woven fabric defaults to 0.001 inch. fL/D 
or Kpipe is added to the other loss coef?cients -K¢,,,, 
Ken. and Km,‘ (as speci?ed by the geometry) and 
then Kmml is input to the manipulated Darcy formula to 
get air side pressure drop. At this point, the user can 
modify the geometry and start the analysis over if the 
pressure drops are not satisfactory or continue if they 
are. 

Continuing, the gas and air heat exchange areas are 
calculated. If the gas Reynolds number is less than 1000 
the user must look up the Colburn-j factor from FIG. 
9-18 (Kreith: Principles of Heat Transfer), whereupon 
the gas ?lm coef?cient is backed out. For Reynolds 
number greater than 1000, equation 9-l0 (Kreith: Prin 
ciples of Heat Transfer) is used to get the gas ?lm coef? 
cient. Next, the tube length is calculated assuming a 
shape factor of 1.0 and gas emissivity and absorptivity 
must be input. Since radiation varies as the 4th power of 
the temperature, a 4th power average is used for aver 
age gas temperature in the standard radiation equations 
5-66 and 5-67 (Kreith: Principles of Heat Transfer). 
Unit gas thermal resistance is then the inverse sum of 
the gas ?lm, fouling factor, and radiation coef?cients. 
Unit thermal conductive resistance is the material ther 
mal conductivity divided by the conduction path 
length. For air side, Reynolds numbers less than 2100, 
equation 8-28 (Kreith: Principles of Heat Transfer) is 
used to ?nd the air ?lm coef?cients. For Reynolds num 
bers greater than 2100, equation 8-21 (Kreith: Princi 
ples of Heat Transfer) is used. The air side unit thermal 
resistance based on gas side area is the inverse of the air 
side ?lm coef?cient times the air side/gas side Hx area 
ratio. The three resistances are added together. The 
inverse of this sum is the overall unit conductance based 
on gas side I-Ix area, U. When multiplied by the gas side 
Hx area, the output is UAmlc. If the answer is satisfac 
tory, the material volume of the Hx can be calculated. 
Otherwise, some or all of the geometry variables can be 
changed and the calculation rerun. 

In this example the materials volume is signi?cantly 
less than for a conventional ceramics design, resulting in 
signi?cant cost savings for materials. 

TABLE 1 
Stream Conditions and Performance Parameters 

for a Typical Steel Soaking Pit twith 2% Excess Air) 
STREAM CONDITIONS a PROPERTIES DESIGN MAXIMUM 

AIR m LBM/HR 8654 13422 
GAS m LBM/IIR 9114 14130 
AIR r in -1=. 100 100 
GAS "r in ‘F. 2450 1700 
AIR 1‘ out ‘F. 2000 1420 
GAS 1' out ‘F. 906 612 
AIR p bulk LBM/Fl'3 .0264 .0325 
GAS p bulk uaM/r'r3 .0187 .0249 
AIR p. bulk LaM/Fr-sEc 2.5230 x 10-5 2.22060 x 10-5 
GAS a bulk LaM/FrsEc 3.1600 x 10-5 2.6353 x 104 
AIR k bulk B’I'U/HR-FF-‘F. .0321 .0279 ' 
GAS k bulk BTU/HR-FT-‘F. .0425 .0344 
MATL k BTU/ER-Fr-‘F. 10 10 
AIR Cp bulk BTU/LBM-‘F. .2694 .2600 
GAS Cp bulk .‘ BTU/LBM-‘F. .3147 .2996 
PERFORMANCE PARAMETERS .809 .825 
EFFECTIVENESS. ' 

# OF AIR SIDE PASSES e 3 
# 01-‘ TRANSFER UNITS, Nu, ~5.2 ~51 
MINIMUM UA required BTU/l-lR-‘F. 12123 l989l 
MAXIMUM GAS AP INCHES w.c. 2.0 



H263 
7 
TABLE l-continued 

Stream Conditions and Performance Parameters 
for a Typical Steel Soakigg Pit (with 2% Excess AirL 

STREAM CONDITIONS SvPROPERTIES DESIGN MAXIMUM 

MAXIMUM AIR AP INCHES W.C. 30.0 

TABLE 2 
Geometry and Performance for Ceramic (Sic) 
Heat Exchanggin a Typical Steel Soaking Pit 

DESIGN REQUIREMENTS DESIGN MAXIMUM 

MAXIMUM GAS AP INCHES \V.C. 8.0 
MAXIMUM AIR AP INCHES W.C. 30.0 
MINIMUM UA required BTU/HR-T. 12123 19891 
FOULING FACTOR 0.0 
WOVEN TUBE HX DESIGN: GEOMETRY 8: PERFORMANCE 
DUCT HEIGHT >< WIDTH INCH >< INCH 48 X 22 
TUBESHEET LENGTH/PASS INCH 65.88 
TUBE 0.D. X WALL INCH >< INCH .450 X .080 
STAGGERED TUBE PITCH INCH 1.10 
# OF TUBES/PASS 1380 
GAS SIDE Hx AREA FTZ 2008.27 
MATERIAL VOLUME F'r3 6.0105 
GAS AP calc INCHES W.C. 4.38 7.18 
AIR AP calc INCHES W.C. 17.18 30.07 
U calc (on gas side area) BTU/HR-FTZ-“F. 7.83 9.93 
UA calc BTU/HR-‘F. 15733 19929 

The embodiments of this invention in which an exclu 
sive property or privilege is claimed are de?ned as 
follows: 

1. A tube—in-shell heat exchanger comprising: 
a ?rst tube sheet, 
a second tube sheet, and 
a tube extending from the ?rst tube sheet to the sec 
ond tube sheet, the tube sheets and the tube being 
formed of woven ceramic ?bers, 

said woven tube having longitudinally oriented warp 
?bers extending from each tube sheet to the tube 
forming a continuous transition from the ?rst tube 
sheet to the tube and from the second tube sheet to 
the tube. ‘ ' 

2. The heat exchanger of claim 1 wherein the ceramic 
?bers are coated with a ceramic matrix material after 
weaving. 

3. The heat exchanger of claim 2 wherein the matrix 
is formed of a viscous glass. . 

4. The heat exchanger of claim 1 wherein the ceramic 
?bers are formed of a material selected from the group 
consisting of silicon carbide, alumina, and zirconium 
oxide. 

5. The heat exchanger of claim 1 wherein the thick 
ness of the tube wall and the tube sheets is 0.060 in or 
less. 

6. The heat exchanger of claim 1 further comprising 
‘metal warp ?bers interspersed among and fused to the 
ceramic warp ?bers. 
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7. The heat exchanger of claim 1 further comprising 
one or more wooly ?bers woven into the tube to induce 
turbulence. 

8. The heat exchanger of claim 1 comprising a plural 
ity of hollow tubes extending from the ?rst tube sheet to 
the second tube sheet. 

9. The heat exchanger of claim 1 wherein a large 
diameter ?ber is spirally woven into the tube wall to act 
as a turbulator. 

10. The heat exchanger of claim 1 further comprising 
a transition piece for connecting each tube sheet to the 
tube, the tube, tube sheets, and transition pieces bein 
individually woven. - 

11. A heat exchanger comprising a plurality of tube 
in-shell heat exchangers assembled in cross-flow con?g 
uration, each tube-in-shell heat exchanger comprising: 

a ?rst tube sheet; 
a second tube sheet; 
a tube extending from the ?rst tube sheet to the sec 
ond tube sheet the tube sheets and the tube being 
formed of woven ceramic ?bers, 

said woven tube having longitudinally oriented warp 
?bers extending from each tube sheet to the tube 
forming a continuous transition from the ?rst tube 
sheet to the tube and from the second tube sheet to 
the tube. 

12. The heat exchanger of claim 11 wherein the ce 
ramic ?bers are formed of a material selected from the 
group consisting of silicon carbide, alumina, and zirco 
nium oxide. 

13. The heat exchanger of claim 12 wherein the ce 
ramic ?bers are coated with a ceramic matrix material 
after weaving. 
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