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ABSTRACT. Heat exchange is one of 
the basic problems encountered in 
the design of gas turbines for auto
motive applications. Different geom
etries and materials can be chosen for 
the realization of suitable heat ex
changers depending on the desired 
efficiency, reliability, fabricability and 
cost. 

Two types of heat exchangers were 
successfully brazed using different 
techniques. Depending on the 
geometry of the heat exchangers, dif
fe ren t b raz ing p r o c e d u r e s were 
adopted as well as brazing param
eters. In the case of rotating heat ex
changers, the immersion process, 
that is, dipping of the assembly into a 
slurry of cement and brazing alloy, 
was the most appropriate. On the 
contrary, in the case of cross flow and 
tubular recuperators, brazing alloy 
was applied both as a paste and as a 
tape. 

Tests were performed to determine 
if also in tape form the brazing alloy 
still had satisfactory wettability. 

All the brazing trials performed to 
optimize the process parameters both 
for the rotating heat exchangers and 
the recuperators (joint geometry, 
application techniques, brazing cycle) 
are described and the results are 
given. 

The authors are associated with the Cen
tral Research Laboratories, Department of 
Materials and Processes, Fiat S.p.A., 
Strada Torino, 50, Casella Postale 10043, 
Orbassano, Italy. 

Paper was presented at the 6th AWS-
WRC Brazing Conference held at 
Cleveland, Ohio, during the 56th AWS An
nual Meeting, April 21-25, 1975. 

After brazing, various tests were 
per formed to quali fy the brazed 
assemblies in view of the specific 
operating conditions of the heat ex
changers. 

Introduction 

Heat exchange is one of the basic 
problems encountered in the design 
of gas turbine for automotive applica
tions. To be competitive with the 
diesel engine, a regenerative gas tur
b ine is necessary (Ref. 1). The 
specific fuel consumption of the sim
ple cycle gas turbine can be sub
stantially reduced by utilizing heat 
from the exhaust gas to preheat the 
compressed air. For vehicular gas 
turbines the heat exchanger is an es
sential component of the power plant. 

There are two main types of heat 
exchangers currently being used for 
vehicular gas turbine applications. 
One is the fixed boundary recuper
ator, which is often referred to as a 
conventional direct transfer heat ex
changer. In this recuperator, the com
pressor discharge air and the turbine 
exhaust gas exchange thermal energy 
directly through, and are separated 
by, the heat transfer surface itself. 

The second type is a periodic flow 
regenerator in which the heat is alter
nately absorbed and rejected by a 
solid matrix which rotates through 
fixed fluid streams and is exposed 
periodically to the high temperature 
gas and low temperature air. 

One of the possible advantages of 
the rotary unit is the use of more com
pact surfaces than the fixed boundary 
type, to give a reduced heat ex
changer volume for a given effective

ness a n d p r e s s u r e d r o p . T h e 
regenera t i ve mat r i x is made of 
parallel plates with corrugated plates 
between, joined together. The re
generator is used for fairly low pres
sure ratio cycles. 

The two types of recuperator sur
face geometries most commonly used 
are plate-fin and tubular construc
tion. In general, the plate-fin type has 
a smaller volume but is heavier than 
the tubular unit. To date, the tubular 
unit is used for lightweight applica
tion and for high pressure gas tur
bine plant. 

Referring to the above consider
ations, an experimental program was 
carried out to develop the techniques 
of b r a z i n g s t a i n l e s s s t e e l r e 
generators and tubular recuperators 
for vehicular gas turbines. 

Materials 

Base Metals 

The ferritic stainless steel AISI 430 
for regenerators and the austenitic 
stainless steel AISI 304L for re
cuperators were selected. In the re
generative matrix, 0.05 mm thick 
plates and corrugated plates with a 1 
mm pitch and a 2 mm amplitude were 
employed. Tubes with a 3 mm outer 
diameter and a 0.1 mm thickness 
were used for the tubular structure. 

Brazing Filler Metal 

In selecting an alloy for brazing re
generators and recuperators, two 
properties have to be considered as 
the most important: strength and ox
idation resistance. It is understood, of 
course, that the alloy should also 
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possess the characteristics desired of 
any brazing material, such as a good 
wettability, ability to flow, ductility, 
relatively low cost, etc. 

Copper and copper alloys, used as 
braz ing f i l ler me ta l , have good 
s t reng th at modera te l y e levated 
temperature , but ox idat ion resis
tance is usual ly sa t i s fac to ry at 
temperatures not higher than about 
500 C. 

Nickel base materials provide a 
wide variety of nickel base brazing 
alloys (Refs. 2-4) to meet, as the ser
vice temperature of these heat ex
changers exceeds 500 C, the re
quirements of mechanical properties 
and heat and corrosion resistance. 
Many nickel base brazing filler metals 
contain elements that promote rapid 
interalloying at grain boundaries of 
the base metal (Ref. 5). A rapid inter
alloying can be detrimental to the thin 
plates of the regenerative matrix and 
to the thin wall section of the tubular 
structure. The detrimental effect of 
this rapid interalloying can give a 
b razed s t ruc tu re wi th c racks or 
porosities. 

In a previous work (Ref. 6) it has 
been noted that an acceptable inter
alloying can be obtained with the 
brazing alloy having a composit ion of 
13% chromium, 10% phosphorus, 
balance nickel (AWS A 5.8, BNi-7). 
This alloy also has been successfully 
used for service temperatures as high 
as 700 C and has relatively low cost, 
making it attractive for applications 
involving large quantities of brazing 
material. For the above consider
ations, the AWS A 5.8, BNi-7 brazing 
alloy was used in this work. 

Experimental Procedure 

A vacuum brazing furnace with 
maximum operating temperature of 
1300 C and ultimate pressure better 
than 1 x 10"" torr was used. 

Regenerators 

Brazing tests were carried out 
using the rotating heat exchanger 
specimens shown in Fig. 1. A process 
of putting in place the brazing alloy, 
which makes use of a dispersion of a 
cement and filler metal, was de
v e l o p e d . Wi th th is p rocess , the 
assembled rotating heat exchanger is 
wetted in a dispersion of the filler 
metal and a proprietary cement that is 
u s e d as a b i n d e r f o r v a r i o u s 
powdered filler metals. The cement 
holds the filler powder in place even 
after it has completely volatilized (be
tween 250 and 350 C). Through this 
process the brazing powder is con
centrated for capillary action only at 
the contact area between the cor
rugated and face sheets, and it also 
fills any eventual small gaps between 
the two sheets. The quantity of braz

ing powder at the brazed joints de
pends on the amount of powder con
tained in the dispersion. 

Several brazing tests were carried 
out to optimize the brazing proce
dure, that is, the amount of powder 
contained in the dispersion, the braz
ing temperature and the soaking time 
at the brazing temperature, as well as 
the temperature rate increase, to as
sure uniform heating and to avoid 
harmful distortions (Ref. 7). Typical 
joints obtained through this process 
with the optimal operating param
eters are shown in Fig. 2. 

Figures 3-4 show the macrographic 
and micrographic aspects of brazed 
joints in preliminary brazing tests with 
unacceptable operating parameters. 
The effects of an excessive soaking 
time at the brazing temperature (Fig. 
3) and of a too v iscous brazing 
suspension (Fig. 4) are shown. In the 
first case, a too long soaking t ime 
originates erosion of base metal by 
filler metal that cannot be acceptable 
from the point of view of the matrix in
tegrity. 

In the second case, operating with 
a too viscous suspension, the braz

ing slurry, in the dipping phase, does 
not flow into the joint area uniformly. 
After brazing, a few contact surfaces 
between the corrugated and face 
sheets were not brazed or brazed only 
partly. 

Integrity and soundness of the 
brazed joints were achieved, with the 
aid of micrograph ic examinat ion, 

Fig. 1 — Specimen of rotating heat ex
changer used in brazing tests 

Fig. 2 — Macrographic and micrographic aspect of brazed joints with optimal brazing 
parameters 
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Fig. 3 — Macrographic and micrograph
ic aspect of brazed joints with unsatisfac
tory brazing parameters: excessive soak
ing time at the brazing temperature 

Fig. 4 — Macrographic and micrograph
ic aspect of brazing joints with unsatis
factory brazing parameters: excessive vis
cosity of brazing slurry 

after e x p o s u r e to the ope ra t i ng 
temperature (600 C). Microstructure 
and interdiffusion with bare metal re
sulted in a uniform as-brazed condi
t ion. 

To verify reliability of the brazing 
procedure on larger assemblies, six 
regenerators with a 230 mm outer 
d iameter were manufac tured and 
brazed employing the optimized braz
ing parameters (Fig. 5). After braz
ing, all rotating heat exchangers were 
tested for leakage and stressed at 
loads larger than those encountered 
in operation to evaluate the joint 
strength. 

Recuperators 

Tubular recuperator specimens, 
consisting of 60 thin wall tubes and 
three 2.5 mm thick tube plates (Fig. 6) 
have been used for preliminary braz
ing tests. The assembly geometry and 
the necessity of assuring brazing of all 
joints in all tube plates did not allow 
use of the spraying or immersion 
techniques to apply the brazing filler 
metal: these techniques are common
ly used on tubular heat exchangers 
with only two headers (Ref. 8). 

A new technique, which makes use 
of brazing alloy both as a paste and as 
a tape, has been developed. As to the 
transfer tape, the mater ia l to be 
applied is supplied in a tape form 
containing a controlled quantity of 
brazing filler metal and of binder to 
hold it in place during the furnace cy
cle. One side of the transfer tape is a 
pressure sensitive adhesive. 

The t u b e p l a tes ho les w e r e 
chamfered on one side and ma
chined to provide an appropriate 
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Fig. 5 — Brazed rotating heat exchanger with a 230 mm outer diameter 
Fig. 6 — Tubular recuperator specimen 
brazed in preliminary brazing tests 
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metal-to-metal gap for the brazing 
filler metal. 

Three layers of 0.05 mm thick 
transfer tape were applied on each 
tube plate on the tube plate side 
where the holes were chamfered. 

With a stainless steel holding fix
ture designed to lock the tube in place 
and to avoid harmful distortions of the 
assembly during the heat treatment 
cycle, the tubes were assembled with 
the tube plates piercing the layers of 
transfer tape at the holes areas. Be
tween a tube line and the following 
one, a brazing paste bead of care
fully controlled size was applied to 
supply the correct amount of filler 
metal required for each joint. 

Through this process, at the braz
ing alloy melting temperature, the 
filler metal f rom the transfer tape 
flows into the joint favoring regular 
flow into the same joint as the filler 
metal from the paste bead. The braz
ing paste bead alone did not assure 
successful brazing of all joints as the 
very compact tubular structure makes 
it difficult to apply the correct amount 
of filler metal well around each single 
tube. 

Brazing tests were carried out to 

define the above precedure and to 
optimize the required amount of filler 
metal, the brazing temperature and 
the soaking t ime at the brazing 
temperature. Integrity and sound
ness of the brazed joints were con
trolled through pressure tightness 
tests and micrographic examination. 

Micrographic examination of the 
typical joint obtained with the op
timized brazing parameters is shown 
in Fig. 7. 

Reliability of this brazing tech
nique has been verified on larger 
recuperators consisting of 233 thin 
wall (0.1 mm) tubes of 450 mm length 
and four 2 mm thick tube plates. 
Recuperators were brazed (Fig. 8), 
and then pressure and thermal fa
tigue tested. 

Testing and Exper imental Results 

Regenerators 

Brazed regenerators were tested 
by static torsional test, twisting stress 
test and pressure tightness test. 

The static torsional test was con
ducted as shown in Fig. 9. The force, 
with a lever of 500 mm from the 

25 x 

regenerator axis, was applied through 
an oil control jack driven by a Keela-
vite unit and controlled by a load cell. 
The force was applied by steps at 
levels of 25, 50, 75 and 100% of the 
maximum prescribed torsional mo
ment (20 kg-m) both in load and in 
unload phase with return to zero. At 
each torsional moment level, the re
lated value of deformation was mea-

Fig. 8 — Full scale tubular recuperator 
alter brazing 
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Micrographic examination of brazed joints with optimal brazing parameters 
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Fig. 9 — Equipment for static torsional 
test and twisting stress test on brazed 
rotating heat exchangers 
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Fig. 10 — Static torsional test: typical 
load diagram ot the brazed rotating heat 
exchangers 

Fig. 11 — Equipment for hot tests on 
brazed rotating heat exchangers 

sured by a mechanical operated dial 
gauge placed on the load axis. The 
test was carried out before and after 
the twisting stress test. 

Figure 10 shows the outline of the 
typical load diagram of the brazed 
regenerators. Regenerators work in 
the elastic field with a small hystere
sis. The permanent deformation in the 
diagram of the first load cycle is a 
c o n s e q u e n c e of the e q u i p m e n t 
mechanical bond. The repetition of 
the static test after the fatigue test did 

Fig. 13 — Sketch ot equipment tor pres
sure tightness test on brazed recuperators 

Fig. 12 — Sketch of the equipment for 
pressure tightness test on brazed rotating 
heat exchangers 

Fig. 14 — (A) Sketch of equipment for 
thermal fatigue test on brazed recuper
ators. (B) Thermal cycle adopted for ther
mal fatigue tests 

not show any significant difference of 
torsional stiffness. 

The twisting stress test consists in 
the execution of 106 cycles with pul
sating torsional moment from zero to 
20 kg-m both at room temperature 
and at high temperature. The same 
equipment used for the static tor
sional test was employed. The twist
ing stress test was successfully car
ried out with no yieldings or failures in 
the brazed joints areas. 

The hot test was carried out placing 
the regenerator into an electric resis
tance furnace (Fig. 11). Temper
atures of 650 C on a regenerator face 
and of 500 C on the other one were 
reached, to simulate service con
ditions. 

The pressure tightness test was 
conducted before and after the tor
sional test to control the integrity of 
the brazed joints. Test equipment is 
sketched in Fig. 12. A Fischer-Porter 
flow meter with sensitivity of about 
0.10 g/sec at the operating condi
tions was used as leak detector. The 
leakage test was repeated for six 
positions of the regenerator with an 
angular displacement of 30 deg be
tween positions. Each t ime one-half of 
the regenerator was pressurized to 3 
atm with air at room temperature, so 
that, for each position, a longitudinal 
section of the regenerative matrix was 
stressed. No leaks were detected in 
these tests. 

Recuperators 

Brazed recuperators were tested 
by the pressure tightness test and 
thermal fatigue test. 

The pressure tightness test was 
carried out before and after the ther
mal fatigue test by the equipment 
sketched in Fig. 13. The integrity of 
the brazed joints was tested by pres
surizing to 5 atm with air at room tem
perature. To simulate the startup and 
shutdown conditions of the engine 
and the resulting thermal stresses in 
the brazed joints, a thermal fatigue 
test ing p rocedure was deve loped 
(Fig. 14a). The test consists of 1000 
thermal cycles like that given in Fig. 
14b. Dur ing the tempera tu re in
crease from 200 to 500 C and the 
soaking at this tempera ture , the 
recuperator is pressurized to 5 atm. 
No leakages in pressure tightness 
tests and no failures of brazed joints 
in thermal fatigue tests were observ
ed. 

Conclusions 

The following main conclusions can 
be drawn from this work: 

1. Good jo ints have been ob
tained using as brazing filler metal the 
13 Cr-10 P nickel base alloy. 

2. It is possible to avoid the detr i 
mental effect of the brazing alloy in
tergranular penetration, by applying 
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the brazing filler metal through an im
mersion process in the case of the 
rotating heat exchangers and through 
a transfer tape and paste in the case 
of the tubular recuperators , thus 
reducing the soaking t ime at the braz
ing temperature. 

3 . T h r o u g h t h e i m m e r s i o n 
process, the brazing alloy is concen
trated for the greatest quantity at the 
joint area. 

4. Through the transfer tape the 
brazing alloy fluidity is improved. 

5. The brazed heat exchangers did 
perform successfully in the stress and 
temperature operating conditions. 

6. T h e b r a z i n g t e c h n i q u e s 

developed have assured products 
with high strength and reliability. 
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fied analysis procedure developed here as well as the more complex analysis pro
cedures of Welding Research Council Bulletin 107 (WRC-107 method). The method 
is extended to attachments having a variety of cross sections. 

Stress indices and the appropriate simplified design formulas are developed 
for analyzing integral lug attachments on straight pipe according to the philos
ophy of Section III of the ASME Boiler and Pressure Vessel Code for Class I Pip
ing Systems. Indices are developed for the evaluation of primary stresses, pri
mary-plus-secondary stresses, and peak stresses due to internal pressure in the 
pipe for radial thrust and transverse shear forces and torsional and bending mo
ment loads acting on the lug; and for a thermal gradient between the pipe and the 
lug. The indices for thrust and bending moment loads are based on an extensive 
parameter study and are represented by simple formulas that may be used di
rectly by designers and/or incorporated into codes and standards. From compari
sons with other methods of analysis these formulas are considered to be more ac
curate and easier to use. Indices for the other loadings are based in part on 
strength-of-materials theory and information in the literature. Specific recommen
dations are made for incorporating the stress indices and design formulas into 
the ASME Code. As an example, a simple pipe support design is analyzed using 
the recommended formulas. 

Publication of these papers was sponsored by the Pressure Vessel Research 
Committee of the Welding Research Council. The price of WRC Bulletin 198 is 
$6.00. Orders should be sent to the Welding Research Council, 345 East 47th 
Street, New York, N.Y. 10017. 

WELDING RESEARCH S U P P L E M E N T ! 343-s 


