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SECTION |

INTRODUCTION AND SUMMARY

The purpose of this report 1s to present the results of all analytical
and test work conducted during a program for the development of a recupcrator
to be utilized in a closed Brayton cycle space power system that uses solar
energy as a heat source and argon as the working fluid., This report concludes
the program performed by the AjResearch Manufacturing Division of The Garrett
Cotporation, Los Angeles, California, under National Aeronautics and Space
Administration Contract NAS3-2793. The initiail phase of the work was a para-
metric design study to determine the optimum recuperator operating conditions
for the Brayton cycle. The study was followed by analysis and testing that
was directed towards deteimining the final design configuration. The final
phase of this program included fabrication and testing of a recuperator that
was delivered to the NASA Lewis Research Center. The entire program is sur-
marized on a single fold out page at the back of the report.

PARAMETRIC DESIGN STUDY

The parametric design study was conducted to provide sufficient data to
permit optimum recuperator operating conditions to be selected for the Brayton
cycle, The study covered a recuperator effectiveness range from 0.75 to 0.95

and a range of (AP/P)TOEAL of from 1/2 to 8 percent for both hot and cold

flows. The analysis employed the specified Brayton cycle boundary conditions
and aas flows shown below.

Cold Inlet Hot Inlet
Temperature, °R 8ol 1 560
Pressure, psia 13.8 6.73
Argon flow rate, 1b per min 36.69 36.69

In addition to selecting the optimum recuperator pressure drop and effec-
tiveness, the parametric study also selected the type of heat exchanger to be
used. During the study, four types of heat exchangers were examined, plate-fin
multipass cross-counterflow, plate-fin pure counterflow, tubular multipass
cross-counterflow and tubular pure counterflow. For each type, an AiResearch
digital computer program was used to obtain a series of designs over a wide
range of problem conditions. From this series of heat exchanger designs,
curves were prepared to show the change in heat exchanger weight and dimensions
for varying effectiveness and pressutce drops. The curves included results for
the heat cxchanqger cores only and also for the manifolded and packaged cores.
Various pachaging configurations which could be used for the different types of
cote were considered.  The results of this paramelric study werce presented to
NASA 1n an AtRescarch report (L-9372) ond from the cuives, NASA selccted the
fina] iccuperator confiquiation and specified an effectiveness of 0.9 and a
(AP/P\TOTAL of 2 percent, The selected configuration ;s pure counterflow plate-

{10 type.  The numwerous parametric curves generated during the study are dis-
cu sed in Scotion 2. The selection of the final operating condition and heat
exchangor type s presented jn Section 3,

- 66-0207
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Also, during the parametric study, three specific areas of investigation
were conducted; axial conduction (longitudinal heat flow) in pure counterflow
heat exchangers, the determination of basic test data for gas flow outside
and parallel to, tube bundles and the preparation of a computer program to
design counterflow tubular heat exchangers. Each of these three specific areas
of study is presented as Appendix A, B and C, respectively, of this report.

FINAL DESIGN INVESTIGATIONS

With the selection of the pure counterflow plate-fin configuration for
the final rccuperator design, several specific problem areas required inves-
tigation. In a purc counterflow configuration, both fluids enter and leave
the heat exchanger from the same facc and in plate-fin designs thjs requires
the use of triangular-shaped end sections. These end sections contribute
little to the heat transfer performance of the recuperator but produce para-
sitic pressure losses. In order to optimize the end section design, a large
number of geometries were investigated. AjiResearch, to facilitate this task,
wrote a computer program to determine the pressure losses in these trnangular
end sections. The assemptions used, and the method of calculation.employed
by this program, together with some typical results, are shown in Appendix D
of this report. The results obtained from this program and the overall in-
fluence of the triangular end sections or the recuperator are discussed in
Section 4.

During the parametric study phase of this program, analytical techniques
for determunung the effect of axial conduction |n pure counterflow heat ex-

[ PRI L Y | . - t Ve ;M
- e g~ - R IV Sy - [ VI wiin e [V I ¥ ) Ul \ltlll\-ulLy IJ Lllk UCTALT 1y ™

tion ot the ettective conduction path through a plate-fin matrix. AiResearch,
therefore, conducted a series of tests to determine an effective conduction
parameter (KA/L) for the type of matrix being considered for this’ application,
The results of this axial conduction testing are presented in Section 5.

Another problem area that was investigated thoroughly during the final
design phase of this contract is flow distribution. During the initial stages
of the parametric design study, it was believed that flow distribution would
not provide any serious problem in the pure counterflow plate-fin' type of heat
exchanger. However, results obtained from other design and development pro-
grams being conducted by AiResearch indicated that losses in heat transfer
performance and increases 1n overall pressure drop could be encountered due to
nonunjifoim flows distribution thiough the heat exchanger. When the nonuniformities
and flow distiibution are known, their effect on heat exchanger performance
and oressure drop may be readily calculated. However, the determination of the
nonuvni formities resulting from any specific geometiy are less easily determined
and AiReccarch, thercfore, conducted a small test program Lo provide the neces-
sary anformation experimentally. The results of this program led to the finally-
selected heat exchanger configuration. Results of both analyl|cal and test
precedures that were usced during this phase of the contract to determine the
effect of flow distribution on the manifolds and the core of the sclected unit
are presented 1n Scection 6.

The test eonfiguiation resulted 1n <atisfactory heat transfer performrance
but andicated higher then anticipated pressure losses.  Various methods of

LT 66-0207
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decreasing overall pressure losses to the required AP/P of 2 percent were
evaluated The results of this evaluation are presented and discussed in
Section 8.

Section 7 of this report presents some details of the mechanical design
and fabrication methods. In this section, the manufacturing limitations of
the present design are discussed, together with the stress analysis that veri-
fied the structural integrity of the selected recuperator configuration. Fur-
ther stress calculations with respect to system integration and componant
mounting are presented in Appendix E,

The final taskh of the program was a limited performance test of the final
full scale recuperator configuration. The results of this test are reported
and discussed in detarl in Section 9 of this report. The heat transfer data
obtained from this test indicates that the design effectiveness was achieved.
The limited pressure loss information from this test was inconclusive and
therefore the more extensive testing performed on the small scale test core as
discussed in Section 6 1s considered to be the more valid basis for evaluating
pressure losses on the full scale unit,

At various stages throughout! the two-year study period, AiResearch con-
ducted some additional tasks which did not directly effect the final recupera-
tor configuration. These tasks included the determination of meteoroid pro-
tection requirements for the recuperator, the determination of specific
recuperator designs to fit around the anticipated solar absorber, an investi-

PP R A R - Avl, mna £ Ar and A araliminmarg analuciec AF a2 Aacatna
o= - ~ - - = - - f . . -

liquid heat sinK heat exchanger. rurtner |NTOrmation On these aogiLional tasks
1s ptesented 1n Appendix F.
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SECTION 2

HEAT TRANSFER MATRIX PARAMETRIC ANALYSIS

The object of the parametric analysis was to détermine the optimum heat
exchanger design for the solar Brayton Cycle recuperator problem conditions
specified by NASA. The operating conditions and range of variables to be ex-
amined are shown in the introduction section of this report. In order to deter-
mine the optimum heat exchanger design for this entire range of operating
conditions, AiResearch considered four types of fixed boundary heat exchangers.
The four types of heat exchangers considered were: (1) cross counter-flow
tubular, (2) pure counter-flow tubular, (3) cross counter-flow plate and fin,
(4) pure counter-flow plate and fin. As there is no single, unique heat
exchanger which 1s optimum for satisfying all the specified operating con-
ditions for the recuperator, it was necessary to examine each of the four
matrixes being considered in detail over at least a part of the specified
range. A very large number of matrix geometries were analyzed for each of
the four types of heat exchangers. The design and analys:s of euch type of
heat exchanger were conducted by utilizing IBM digital computer programs
written by AtResearch specifically to design hecat exchangers.

MULTIPASS CROSS COUNTERFLOW TUBULAR HEAT EXCHANGERS

In order to design cross counterflow tubular heat exchangers for the full
ranna AfF cnarified ‘Frurle FrAanditinne  a IRI‘?P numher nf heat transfer matrixes

were consiuereu,. ALl I X VAl (dpIED Lilat WEIE LUIId1uc) cu, R TOR ] VT VRV
tube diameters, different tube spacings and both plain and ring dimpled tubes.
The use of ring dimpled tubes increases the heat transfer on the inside surface
of the tubes, but also yields an increase in friction factor. In some heat
exchanger designs, however, this type of turbulence promotion can be benef-
cial. Throughout the analysis, all heat exchangers were assumed to be fabri-
cated from stainless steel and the tube wall thickness was held constant at
0.004 inches.

The inittial survey consisted of taking the specified problem conditions
and obtaining heat exchanger cores from the IBM computer program. During this
initial survey, the total available pressure drop was assumed to occur in the
heat exchanger core only. The results obtained from these computer runs are
shown in Figures |, 2 and 3. Figure | shows how the weight and core dimensions
of this type of heat exchangcr vaty with effectiveness. Curves are shown for
thice different pressuite drop levels. The pressure drop values utilized in
Figuie | were (AP/P)TOTAL of | percent, 4 percent and 8 percent. At each dif-

feient effectiveness, a different number of passes was utilized. The number

of passes assocrated with each particular effectiveness is shown on the curve,
As the effectiveness 1s increased, the number of passcs increases because the
detiaental effect of no interpass mu<ing becomes more substantial. At the
very high effectiveness (greater thar 0.9) even the use of as many passes as 12
does not approach the rdealized condition of puie counterflow., Figures 2 and 3

- 66-0207
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st ow the effect on weight and core dimensions of varying pressure drops for

heat exchanger effectivenesses of 0.75 and 0.90 respectively. On both these
figures, curves are shown for minimum weight solutions and best size solutions,
Minimum weight solutions disregard core dimensions while best size solutions
take into account dimensional conventionality such as a rectangular tube bundle.
In almost all cases the best size solution resulted Tn a substantially hecavier
core than the minimum weight solution. Thyis is particularly true at high effec-
tiveness and low pressure drop. At this end ot the range of operating condi-
tions, even the best size solutions result in very long no flow lengths.

The curves utilized in the study, Figures |, 2 and 3, that show the
~ffect of either effectiveness or pressure drop on heat exchanger core weight
ne dimensions, connect the computer design cases with straight lines. This
~art'cular method of presenting the data was used because interpolation between
ne actual data points i1s not strictly permissible, This is particularly true
of the parameter, tube length. If the cuives were prepared utilizing the same
matrix geometry throughout, then both core geometry and core weight would give
smooth curves for varying effectiveness and pressure drop. However, the same
matrix geometry does not always yield either minimum weight or best size sol-

utions and smooth curves are not obtained. If it is desirable to select a
core operating at some intermediate condition, the curves shown in Figures |,
2 and 3 give a very good indication of the expected dimensions and weight, but
cannot be utilized to determine exact dimensions and weight.

The second phase of the study of this particular type of heat transfer
matrix consisted of anmininq the various possible packaqing methods and re-

b o P e T I A e T e T S S T T o A P I
- - ~

-~ -l -

. .folding. For this particular type of heat exchanger a large number of
packaging concepts are available, all of them yielding different effects on
heat exchanger weight and performance. Early investigations into the effect of
manifold pressure loss indicated that with almost all of the promising confi-
gurations a pressure drop split of approximately 85 percent in the heat ex-
changer core and 15 percent 1n the manifolds resulted in the most satisfactory
solution. As this reduction of !5 percent in the pressure drop for the heat
exchanger cores causes only a slight change in dimensions and weight of the
cores, no new designs were made but the pressure drop in the existing designs
increased. The designs shown in the following figures include manifolds that
require 15 percent of the core drop, the overall pressure drop in these designs
has, therefore, been increased by |5 percent on both sides.

At the low effectiveness and reasonably high pressure drop conditions, all
heat cxchangers, derived utilizing this type of core matrix had dimensions close
to thosce of typical liquid to liquid tubular heat exchangers. As the computer
progtam genctates a rcectanqular bundle of tubes, the simplest possible packaging
is to put this bundle of tubes into a rectangular boy Figure 4 illustrates how a
heat exchanger with an effectiveness of 0.75 and a total core pressure drop (AP/P}
ct 4 pcicent could be packaged in this manner. A disadvantage of this type of
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packaging are the large, flat, unsupported faces that appear on the top and
bottom of the heat exchanger. These faces should either be built from honey-
combed structure or have supports or stiffeners provided in order to contain
the low operating pressures of the Brayton Cycle System. The preferred confi-
guration for this simple type of rectangular tube bundle is shown in Figure 5.
This configuration is identical to that of a typical~liquid to liquid heat ex-
changer. The low pressure fluid flows through the tubes and the high pressure
fluid makes two passes across the tube bundle., The design shown in Figure 5

is also for an effectiveness of 0.75 and a total pressure drop of 4 percent,
The core selected in this case is of slightly different geometry from that

used i1n Figure 4, to conform more readily to this type of packaging. It can be
seen from the weights shown on the two figures that not only does Figure 5 re-
present a betler pressure vessel, bul il also yields a lighter weight solution.
As effectiveness increases so does heat exchanger size. Figure 6 illustrates
how a heat exchang2r with an effectiveness of 0.8 would appear if packaged in
the simplest possible manner, Figure 7 illustrates how a package of this type
may be changed to minimize the one long dimension. In this case the tubes are
merely put into two bundles side by side rather than end to end, however, as
can be seen from the weights on these two figures, the reduction in maximum
length 1s also accompanied by an incrcase in weight. In all the four illus-
trations described so far, the packaging concepts utilized have applied primarily
to the best size solutions of Figure I, 2 and 3. 1In all cases there are solu-
tions available that have substantially lighter weights. The problem of pack-
aging these minimum weight solutions requires a different technique than the

very simple one illustrated thus far. The main packaging problem arises from
the larae no flow lenaths that accompany the tight, restrictive, transfer sur-
- v t . LS 1T et . - n £r v thm mmnrl A trartiun

U~ o CHILU S gt LR T Y I I ) " -y - w e e e - - -

packaging concept for this type of heat exchanger core is the use of multiple
concentric rings. A typical configuration for a heat exchanger utilizing this
concept and designed for an effectiveness of 0.85 and a total pressure drop of
2.5 pereent 1s shown in Figure 8. The core weight for this particular design
was 59.0 lbs while the final wrapped up weight as shown on the figure, was

91.3 ibs. Il is of interest to note that the best size core for these opcrating
conditions had a core weight of 104 lbs. This weight is in excess of the total
wrapped weight of the minimum weight core. As effectiveness increases and pres-
sure diop decrecases, the benefits of this particular type of packaging are in-
creased. Even at the low effectivencss and high pressure drop conditions, the
use of a single ring design, generally yields the most satisfactory solution.

Figure 9 shows a typical single ring design.

This annular concept of packaging was, therefore used for all cores of
this type. From the very large number of heatl exchanger cores designed by
the computer program, designs were selected for effectiveness of 0.75, 0.80,
0.85 and 0.90 and for core pressute drops of 1.0, 2.5, 4.0, 6.0 and 8.0.

The cores selected for each of these points were then pachkaged in the concen-
ttic ting concept discussed above and overall dimensions and weight calcu-
lated. A chart of all these results was prepared and 15 shown in Fiqure 10,
No 1edesign of the hcat exchanger cores vas made to allow for the I5 percent
manifold prescuie losses, The actual pressute losses in the hcat exchangers
aie, therefore, a little 1n excess of the above core values. A table show-
g both the core and overall pressure drops for each of the cirves shown

rs ancluded i Frgare 100 As on the previous figures, the actual data points
As on the previous fiquics, the actual data points
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quoted are connected by a series of straight lines. Also, as before, the
absence of smooth curves and easy interpolation is due to the fact that as
problems conditions change, the optimum matrix geometry also changes. These
curves of Figure 10 do, however, i1llust-ate clearly the effect of both effec-
tiveness and total pressure drop on recuperators designed utilizing the multi-
pass, cross counterflow tubular heat exchanger design concept.

MULTIPASS CROSS-COUNTERFLOW PLATE FIN HEAT EXCHANGERS

As with the multipass tubular heat exchanger solutions, a large number of
matrix geometries were constdered for the full range of problem conditions.
The construction of all plate and fin matrices considered in this section of
the study utilized 0.004 in. thick, nickel fins and 0.006 in. thick, stainless
steel plates throughout. The nickel fins are preferred to stainless steel be-
cause of the higher thermal conductivity of nickel thereby increasing the con-
tribution of the extended surface. Fiqures |l, 12 and I3 summarize represen-
tative weights and sizes obtained from the computer program used to design the
plate fin multipass cross-counterflow heat exchangers. The results shown in
these figuies are for the heat transfer matrix only, no allowance was included
for packaging or manifolding. Also the full available pressure drop 15 used
within the core and, as with the cross-counterflow tubular solutions,Figure 11
shows the weight and the three basic dimensions of the heat transfer matrix
plotted against effectiveness for threc different pressure drop levels. As
effectiveness incrcases, so does the number of passes and the number of passes
actually utilized at each effectiveness 1s shown on the figure. Fiqures 12 and

N ~ - -~ . ] t ' B * s
LR IRV S N N S I I N S v | LI 111y LU LU P v v ot % MU v e e S e g e -

effectiveness of 0.75 and 0.90 respectively. In all cases with this type of

heat transfer matrix, even at the lowest effectiveness and highest pressure

drop, the no-flow dimension of the core i1s very large when compared to the

other two dimersions. This very long no-flow dimension introduces packaging an
and manifolding problems and even in the cases of the so-called best size
solutions, careful attention must be paid to packaging in order to obtain reason-
able overall dimensions.

Utilizing the simplest form of packaging for this type of core, that 1Is,
leaving the no-Tlow dimension as a single length, a core of the type 1llustrated
in Figure 14 1s evolved This type of design 1s obviously unacceptable from the
flow distribut ron standpoint as the manitfold lengths are so great that a large
part of the hest transfer matrix would be starved of flow. The very awkward
appearance of this core ts considerably emphasized by the rnlets and outlets
shown The duct drameters of 8 1n on the low pressure side and 6 1n on the
high pressure side weie arbitrarily sclected and are utilized on most figures
shown 1n the pcramet 1c study Thesc duct stczes appcar compatible widh main-
tarning the very low pressure diop thioughout the system  The perticular heat
exchanger shov i in Frguie 14 was designed for an effectivencess of 0 8 and a

total pressure diop of 4 percent Even at these fairly modest operating con-
ditrons and vt - bizing the "beet size  type of solution, the overall package
dimeasions  useag the simplest farm of packaging are not acceptable At o
shichtly ligher piressure diop level 6 percent) and the same cffecliveness
and utitising « form of peckaging vhich divides the no-flow length into two
cqual prrvions & somevhat amproved form of packaying may be obtaincd as

pliustiated on Fogure 15, For the tonge of operating conditrons for the solar
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powered Brayton cycle recuperator, no plate fin matrix was found which resultec
tn a solution which gave both acceptable weight and simple packaging.

A comparison of Figures 11, 12 and 13 with Figure 10 plainly shows that
over the entire range of operating conditions, not only are the plate and fin
cores somewhat heavier than the wrapped-up tubular cores, but also the com-
plexities of packaging the plate and fin cores would not yield as attractive
packages as the tubular heat exchangers There 1s, therefore, no point in
the operating condttions of the solar Brayton cycle recuperator where a muliti-
pass plate and Tin heat exchanger yields a opt imum solution Owing to this fact,
no further packagtng concepts were prepared and no curves showing overall
dimensions and weight of fully packaged plate and fin heat exchangers are
presented

p

PURE COUNTERFLOW TUBULAR HEAT EXCHANGERS

When the contract to conduct this parametric survey was recerved from
NASA, AiResearch did not have the computer program to design pure counterflow
tubular heat exchangers As part of this contract, a program was wrttten and
is described in Appendix C. The main limitation to the use of this pro-
gram and to the design of this type of heat exchanger, is the lack of re-
liable heat transfer and friction factor data for flow outside and parallel
to, tube bundles. This lack of data and the search conducted by AiResearch
into the data that is available, is discussed in Appendix 0.

In order to determine whether or not this type of matrix was suitable
tAr Aarmvy et o ~d tho v A Ad AnAral 1m y AanA Amr kAT~ ~¢+ A - A - - emm—~
sary to assume some predictable operating conditions for the flow outside the
tubes. All preliminary investigations of this type of matrix, therefore, used
the Colburn Modulus and Fanning friction factor data for flow inside plain
round tubes. As with the cross-counterflow tubular heat exchanger designs, all
stainless steel construction was used throughout and a wall thickness of O 004
in was maintained. By varying tube diameter and tube spacing, a large number
of matrix geometries were examined for each problem condition The results
obtained from these preliminary computer runs are shown 1n Figures 16 and (7.
In this particular type of heat transfer matrix, there are only two overall,
package dimensions. These two dimensions are face area (or number of tubes)
and tube length There 1s no theoretical limitation in the way the face area
1s arranged and throughout the study all computer results were obtained as a
rectangular tube bundle with the face aspect ratio of | 0. The face dinension
shawn in Figures 16 and |7 1s, therefore, one side of a square face. Also

. shown 1n Figuies 16 and 17 are small tables showing both the assigned and actual

pressurc drop of each of the curves appearing on these figures The assigred

i1

K pressurc diops shown represent the input conditions fed into the computer,
o . while the actual pressure drops shown icpresent the core piessure drop utilized
in the final design. The difference betwuecen the assigned and actuai pressute
: diop 1osults from the fact that only onc side of thewe pure counterflos hcat
4 exchangers utitbizes the full available pressure drop and the other side utilrzes
only & fractron of the given input The program 15 so vritten tnat the siac
3 requiting the most pressure drop 1s alueys controlling and thereiore, the core
, pre sue drop for eny design 1s aluays lecs than the assigned
7 )
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g 16 presents a summary of the minimum weirght solutions aobtatned for
Ny ¢ operating conditions examined The range of conditions examined
fur +bis (yvpe of heat exchanger, was limited to effectivenesses greater than

0.85 and assigned pressure drops of less than 6 percent. From the figure it can

be seen that weight increases rapidly with increasing effectiveness while both

face area and tube length increase at a somewhat slower rate. The influence

of overall pressure drop on heat exchanger weight is nGt great, but its

influence on package dimensions i1s pronounced As pressure drop 1s decreased,

. ire increases and tube length decreases In all the designs utilized to

prepare tigure |6, no allowance 1s made to either dimensions or weight for

manifolding and pachaging. All designs of this figure do, however, consider

the rffect of axial conduction. The method of allowing for the effect of axial
this type of heat exchanger, 1s described in Appendix A. It is

vl 11 .ert ¢ w note, that at the low end of the range considered (effective-
ness 0 "7 (/+ . = 3.9 percent) the effect of axral conduction increases heat
exchamy, s17. oy approximately 3 percent At the high end of the operating

range (effectiveness 0.95, (AP/P) = O 65 percent) the effect of a<ial con-
duction on heat exchanger size increases to 53 percent.

Tn o der to determine what effect vartations in outside tube character-
15t~ wo id have on heat exchanger perf{ormance some designs where prepared
us iIng hypothetical values for both heat transfer characteristics and friction
factor. The changes selected in these characteristics were purely arbitrary
but, were sufficiently large to ensure that apprectable changes in core size
and werght would occur. The designs presented i1n Figures 16 and (7 uti])ized
the Colburn modulus and Fanning friction factor for flow 1n plain round tubes

fhe = = ¢ra- rhanaes celected were to increase the friction factor by 25
~UL LD RVIIMIIY I T D Ly vunu\.‘nn Hivwuu tuo ur ': Polewite Gilie

uteivuse o triction factor by 25 percent with a decrease in Colburn modulus
¥ 10 percent. The effect of these arbitrarily selected changes in outside
the tube bundle characteristics on heat exchanger size 1s clearly shown in
Figure 18. At all effectivenesses from 0.85 to 0.95, the effect on heat ex~
cha ~cr v right 1s very small while the effect on heat exchanger dimensions 1s
somcwhat greater. The curves shown i1n Figure {8 are all for a cold pressure
drop (outside tubes) of | percent If a higher nominal pressure drop core
1s considered the changes i1n heat exchanger weight and size are somewhat less
while f a lower pressure drop design 1s considered the effects are slightly
greater The main purpose in preparing Figure 18 was to show, that, although
the data available for flow outside and parallel to tube bundles 1s very
vague the use of flow i1nside plain round tubes does not invalidate a compari-
. counterflow tubular heat exchangers with pure counterflow plate-fin
. jers. If, however, i1t 1s decided to fabricate a pure counterflow
tubuiar ..cat exchanger more accurate data would be required i1n order to obtain
an accuirate determination of the dimensions required.

As with the cross-counter{low tubular solution, considerable attention
must be devoted to the manifolding and packaging concepts 1n order to detci -
mine optimum heat exchangetr confrqguration As stated above, thec computer pro-
qram generates a tube bundle with & squarce {ace arca While this type of face
arca 1 eserts a very simple sct of core drinensions, 1t 15 almost impossible to
1t r - outside flow to the center of the bundle In order to ensure

Lun----ﬁ‘Nt'»AmeuAMVUIM|UMNu:nwmu~ 66-0207
i Vi A 4t oy
- Page 26




- o
i ! - NGRS IR v 170 ' : ; ; >
T i - -t - - . - e ST B o R B S TV VN .l_v!o - -
M . S U S N T T W T I - ! -
T T T
! i M: - N [ e ST N A R NI R
I S - i ! LI A T N A DR NN O N
e IH: o 4 TSRS AP 5 S LlAwl(.I_«_lunul_ I S
E I S T i -] s - ; ! . .
] o o s |
€ % RN N N R
Y- ST S S WA 0 W i CUNCL N ONT L i s
ZLS - . i T T N NT i
oL L, 0 i i W R ING
wWNxDJZ = _ \ v
& - T X
- =3
0o8x% X —4—22 \ /M.m - -
_—n o - ; 2 E
—L aw - H T / jord L
2.= MR N LA
e 8T R =8 ST T NG \ \
Szd2< > &> & - \ -
aa - — —t T T \
coNg — " JL.ILIL / 4
& o - o i -
PV w v i ) \
o WA W o= w0 T - hY
~e>w > > t 4 { / =
eaJdE s & ¥ & —_— & <O -
i <9325 2 = - 1 { S /z
—oerr O -0 - ] Q 1 "~ —
1 - i oL 7 2F
X 2 m _rr E-em e - _ /m\mﬁ/\m A /TE 2
JEUNPI ! — = ; \ S
i " N u 14_ 5 ! Ml t 1L 'l'm
' s ! . /0/ ) ' 1 i ¢ i = -
- —d T [ a —
s ! ! i ! ! ! H } \ i ! ! N ! <z a = 3
{ ! ! H ' ' ' _ | ] T <X > z
L - ! a -~ o p—
i T ! [ 3
' ' ¥ 3 1 i 4 L= - >
' ! 1 ' { ' ' = 1 1 v } ] 1 2 .
9 + = —
o L [ ; - R T riEE RN E N
) & o e © © o o 9 o ©o o o o g o No = O a oo N © @ o a >
~ ~ o (=) =3 ~3 ~N o @ ~ ~ &~ (=] < < ~ " ~ ~ o~ ~ (2] - o~ «~ ~
- - ~ ~ o~ ~ ~ ~ - - —_ - = “
SONAOd ~ L1ASI3R SIHINI -NOISAIb @ 32vi S3IMINT - WLSN3Y 38

66-0207
Page 27

FRECTIVENE Sy

Cffect o Outside Tube Performance
Characteristics on Pure Counterflow

Tubular Cores

8.

Lath na

Le Am

-~ Ty Ty M M g2 T8O £ & &) £33 £

Figure

At AR H MaNUFACTUR GG FIVESION

wd



1tisfactory performance of cores of this type it is necessary to be sure that
the flow on the outside of the tubes is actually parallel to the tubes rather
than across them. It 1s, therefore, necessary to have one small dimension in
the face area which minimizes the length across the tubes over which the flow
must pass. By introducing this limitation the other dimension of the face
area consequently becomes large and the same packagirg problem exists as
existed with the cross-counterflow tubular designs. Two different methods of
packaging this type of heat exchanger core are illustrated in Figures |9 and
20. Figure 19 shows how the one long dimension of the face area may be divided
into several shorter straight lengths. A means of introducing both the hot
and cold fluids to this type of overall configuration is also illustrated in
Fiquie 19, As a direct comparison to the heat exchanger shown 1n Figure 19,
rnéure 20 i1llustrates the identical core wrapped up in the same type of rulti-
concentric ring design as utilized for the cross-counterflow tubular heat ex-
changers. Again, Figure 20 i1llustrates how the fluid would be introduced to
both inside and outside the tube bundle. The square design of Figure 19 has
the limitation that i1t is not a good pressure vessel as it possesses a number
of large flat faces. This design could be utilized by using honeycomb panels
or some form of stiffening structure but 15 definitely less desirable than the
concept shown in Figure 20. In addition to being a better pressure vessel, the
multi-concentric ring design also has a slightly lighter weight.

Having selected the multi-concentric ring packaging concept as most suilt-
able for this type of flow configuration, heat exchanger designs were gen-
erated covering the desired range of operating conditions. As the severity
of the problem conditions being considered increases and the heat exchanger
QSI76 IrcrRfAgAeA Mmara anme more r‘lngc AaArs ramicirand tn L :n-.—n ).'.,h.-l-. ] , -
trates the effect of pressure drop level and effectiveness on heat exchanger
weight and si1ze,the number of rings utilized varies from 3 to 6 As with the
previous curves presented for heat exchanger core dimensions and weight, the
small table on Figure 21 shows the nominal pressure drops which were used In
the design, together with the actual overall total pressure drops.

!

PURE COUNTERFLOW PLATE FIN HEAT EXCHANGER

The matrices were assumed to be constructed of stainless steel and to
utilize nickel fins 0.004 i1nches thick and plates 0.006 inches thick. The
rat1o of face area height to face area width is arbitrary for this type of
heat exchanger and a ratio of 1.0 was utilized throughout the calculations.

As a preliminary step a series of designs was run off cn AiResearch's IBM
7074 computer using the existing design program for this type of heat exchanger.
This existing computer program did not include the effect of axial conduction
but vas used td establish the trends caused by changing effectiveness and pres-
sute drop. The results of these runs are plotted in Figures 22, 23 and 24,
Figuic 23 shows the minimmum core weight solutions, and the correspording core
diunensions, as a function of effectiveness for several total AP/P ratios. The

as rgned total AP/P ratios tepresent the total pressurc drops that were given
as anput to the computer piogram. Lach side of the heat exchanger was allotted
one halt of the given tolal Al/P.  Howcever, since only one side of the heal ex-
changer ased up 1 ts allotted pressure drop, the actual pressure drop for the
designed core vas less than the assigned pressure drop.
.. 66-0207
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EFFECTIVENESS

Tubular Pute Counterflow Heat Exchanger
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The curves show similar trends to the previous types of heat exchangers,
that 1s, a large 1ncrease in both core weight and core face dimensions occurs
at high effectiveness and low total AP/P ratios

The effect of varying AP/P 1s shown i1n Figures 23 and 24. The heat
erchanger parameters are plotted against percent pressure drop of the side
which used up 1ts alioted pressure drop, that 1s, one half of the assigned
total pressure drop From these figures 1t 1s seen that the core weight and
core face dimensions are decreased with 1ncreasing (AP/P) or (AP/P?

the case may be. Generally, at low (AP/P)hot ratios the Flow lengths are small

and the face areas are large. This 1s undesirable from the standpoint of
axtal hcat conduction and also requited manifold weiqghts. As a -esult, before

packaging and manifolding any of these designed cores, the heat exchanger design

program was modified to include the effect of axial conduction and the above
cores were recalculated The effect of axial conduction was calculated accord-
ing to the simplified equations presented 1n Appendix A,

Two types of manifolding and packaging concepts were developed for the
plate-Tin pure counterflow heat exchanger These are shown in Figures 25 and
26 The principal difference between the two 1s the way the hot and cold
fluids are introduced to and removed from the core. The transition sections
in Figure 25 are formed by single triangular plate-fin sections while those of
Figure 26 are formed from double triangular sections. The entrance and exit
frece flow areas on both sides of both concepts are i1dentical, but weight
savings are obtained in the double trlangular concept as ]ess area and mass

te wend in thAa trane s bian Tl\"\ ,—A'J b A -~ ~ e Eann oabede ‘C T

- - - - - — - - - - e e = - o~

secrions In the rigure /6 concept over the rigure 25 concept does not aftect
the heat exchanger performance as the slight additional heat transfer that
occurs 1n these sections 1s not considered in the design, In both designs

the inlet and outlet trrangular transition sections are of a plate-fin con-
struction with low density fins on the cold or high pressure side only The
weight of the packaged heat exchanger tends to be less when the fluids are
introduced in the manner of Figure 26 as compared to Figure 25, but the double
triangular concept of Fiqure 26 yiclds a longer ovetall length. Therefore,
the computer designed cores for the rest of the problem statement range were
all packaged und manifolided as shown tn Figure 26. The weights and dimensions
of thesc packaged cores are plotted in Figure 27 agarnst effectiveness.
Several curves are shown each for a different overall total AP/P ratio. These
ratios are actual figures and include. besides core pressure drop, the pressure
drop duc to the i1nlet and outlet manifolds and transition sections. For these
overall pressure drops the transition section losses are calculated from the
computer program described i1n Appendix D while the allowance for the manifolds
s the same 15 percent used for the other heat exchanger configurations,

7 - - }
e annes on)| AL LARCH MARIUE A TURIN G DIVISON 66-0207
N Jl [T VN SR

Page 35




{

-

€ Nraeze
N

{9 0 IN
FACE DINENSION ™
~

N

Magure 25,

n! i VARCH M AUEAC TURIBG DWVISION

tenBnp i (1t 0y

COLD ARGON
IN

g

27 0 IN
HEAT EXCHANGER
LENGTH

EFFECTIVENESS = 0 95
AP/P OVERALL = 4 | PERCENT
OVERALL WEIGHT = 299 3 L8

OVERALL INCLUDES MANISOLUS .

TRANSITION SECTIONS FOR BOTH
WEIGHT AND PRESSURE DLROP

Typical Plate Tin Pure Counterflow Heat Exchanger

66-0207
Page 36

- -




B ORLD B3 K33
\
\;
/

//

\\
ﬁ
EJ HOT
- A7 ARGON
7~ T
i . )
”~
I
I
Eg coLo
ARGOH
N IN
Ej N
I
" ! - |
L3 I (1B N \ ~ VA 7" a4 ] [ I 4 :
- coLD \\\\\\ i -
19 4 IN | pRGoN \ ~
[3 ouT v ~
|
Ej I
rd
~
HEAT EXCHANGER
1 ‘ LENGTH
I
EFFECTIVENESS = O 95
- 19 0 IN AP/P OVERALL = 4 | PERCENT
ﬁ] FACE DIMENSION ™\ "~} 2 OVERALL VEICHT = 274 1 LB
L h OVERALL INCLUDES MAN1FOLDS AND
\\\\\\\d TRANSITION SECTIONS FOR BOTH
My WEIGHT AND PRESSURE DROP
ba
.[; Figute 26 Alternate Packaging of Plate~Fin Pure Counterflow
td Heat trchanger

hantingibass |
. i

- 066-0207
= t’huu "\ ATRESTARNCH MARNUTAC TG DIVISION Page 37
!- ; .—‘A-— B Arpeies Callun g 7

L




[ [ : i { . s b i

L I IR RN R FR S N B ERR NE A T

i 3 i w 1 i i w1 v i Py RS v

————— A~ — P 1 — - — 3 - —— - - —.—— - 4 - - g — - —

e 2 w i R -t - : . , W - :

: i : jt + -

I B ERURIRI N I W S i N LN\ -

T I D "R /,:. U R A AN / ,/

R i N T N N TN NN N

o e i v e U AR Wttt s —N\ J/ SRS
1 i

- ] —— -

700

1
- [ UV SN S ! - I R\
e NG - . - LN \ T B N S\
. 3.1 s3sg R W Vi T A S S RN W Gl I S = N - Ny s
' 25 { —anmc = T K 1 R \ s - -t D “/ ~ 1 H — 3 \
| <e o = .m.l»lull —_ - IA" ."Illlmln(l. ; 2 g — —_——t : _— - — . o 4/ // —_ -
= Y ]
- s T Y — =Y = \ T
7 e L N__ - . — e b . — e et e oy~ — - - 4
Ll g ET TN Ay MR R WA SRR T W W i \ A
3 - seee EE T4 ! ; y S i T3 - . . .
o - = - TN - - 3 3 - 1 - =+ T TR T T —- e - //»
Ze p -~we 31 | | . | e irdq i 4 - i Vo= K \ L -\ c NNV
P sc& Ml T\ . ' o [ T T i i i 1 \ / )
: el _ R - NS
- & i 3\ R i i \ i TR H . 1 \ -
R = WU S SR W S B S S — TN
Sz 2 < H 7 + - + —4 v
F. B TR EL L i A NS T e e
PR e T & = el S i I xlmt - E=T- Fo=m=d oS §jT =t~ T _ - ' .
«
" 8 g 3 g ° S 2 3 % 8 2 2 == YNz v ¢33 8% 3% 3 ¢85 g 2 & &
SONNOd - LH3I3A S3HINI - KOIS-3 1Q 3Ivd S3AINT - HLON3T ¥INVHINI 13K
— —— e -~ ~—ew R o e - - —— — -~ - o~

PIFERC T ver 1SS

Plate-Fin Pure Counturilow Heal Exchanger

Firyure 27

Versus Effcctiveness

Pasamcters

66-0207
Page 28

Lew Ay tos Calt ey

ARESEAE G P ANUEACTURING DivEHION

PN
nerrae "

:




Bl enind [ g Wt Tk Pt

[t )

S a8

BonsH

B oW Bawad

| vap; |

£

i

. Cnatd [+

s

e an &

SECTION 3

OPERATING CONDITION AND HLAT EXCHANGER TYPE SELECTION

COMPARISON OF HEAT EXCHANGER TYPES -

The previous section outlined the complete investigations conducted on
the four types of heat transfer matrices which were considered. Several
important conclusions were drawn regarding each of the types considered. For
each point of all the curves used in Section 2 a large number of desians
using different surface geometries were formulated to determine the “most surt-
able design. '"Most suitable design" may be defined as that design which yielce:
min mum weight or close to minimum weight heat exchanger package ccupled with
reasonable dimensions. An examination of the heat transfer cores originally
designed by the computer programs eliminated the multi-pass cross-counter flow
plate fin heat exchanger from further consideration. This eliminaticn was
possible on the grounds that not only was this type of core much heavier than
the other types considered, at all operating conditions, but 1t was also
the most complex to package. Having eliminated this particular type, care-
ful consideration was given to packaging concepts f{or each of the other three
types. In Lhe case of both the pure counterflow and the cross counterflow
tubular matrices multiple concentric ring packaging was selected as optimum.
This type of packaging 1s i1llustrated in Figures 8, 9, and 20. With the
pure counterflow plate and fin heat exchangers the choice of manifolding and
packaging was more limited and the double triangular transition sections
illustrated 1n Fianre 26 were selected as notimim

In order to obtain the i1sometric diagrams, heat exchanger weights and
dimenstons used throughout this report at least one layout drawing was made
of each of the concepts considered for each type of heat exchanger. As
stated previously, there 1s no simple, unique heat exchanger concept or type
which 1s most satisfactory at all conditions. For the range of problem
conditions cxamined, that 1s, effectiveness from 0.75 to 0.95 and pressure
drop ratio (AP/P)OVERALL from | percent to 8 percent a very rough guide in

the selection of the optimum cores may be made as follows. At the highest
effectiveness and lowest pressure drop conditions pure counterflow tubular
heat exchangers present the lightest weight solutions If minimum projected
arca 1s more valuable than minimum weirght, pure counterflow plate-fin cores
may be used, but at a considerable weciyght penalty. In the intermediate
ranqge purc counterflow plate-fin solutions yield both minimum weight and
mintmum projected area In the low effectiveness and high pressure drop
section of the range, cross-counterflow tubular units have the lightest
wetqghts, but projected arcas may be reduced by the selection of pure

counter flov plate-fin units
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Figures 28 and 29 were prepared to compare in detail the three types
of heat exchangers which are being considered for use in the Brayton cycle
system. These two figures were prepared by carefully considering the i1n-
formation presented in Figures 10, 21 and 27. As the exact pressure drop
values used in each of these figures do not coincide a slight amount of
interpolation was required. The interpolations were.based on the very
large mass of data obtained by AiResearch while formulating these designs.
In Figure 31 the heat exchangers are compared on the basis of weights and
smallest projected area that the heat exchanger presents from any par-
ticular side. The three sets of curves are for three different total per-
cent pressure drops. From these curves another set of curves, Figure 29,
was piepared which presented the selected minimum weight and minimum pro-
jected area designs for the given problem statement range.

Figures 28 and 29 present a summary of the recommended recuperator
designs which should be considered when making a selection for the Brayton
cycle system. In order to obtain solutions over the entire effectiveness
and pressure drop range examined interpolations of the curves i1n Figures
28 and 29 may be required. Interpolation of these curves docs not yreld
exact solutions and therefore, when NASA finally selected the operating
conditions and heat exchanger type a re-cvaluation was necessary to de-
termine the final design details.

PRELIMINARY DESIGN SELECTION

On July 15, 1964 official confirmation of the NASA selection of a

- - ' 1 L]
Pt~ v uiie e D e R R L O L A ] L e N L T ¥ L I W O Ll e O N R dwlw 1=

tication was received. The final operating conditions selected for this
unit were as follows.

Hot Inlet Cold Inlet
Temperature, °R 1560 80!
Pressure, psia 6.73 13.8
Argon flow rate, 36.69 36.69
1b per min
Effcctiveness 0.9 0.9

Total pressurc drop (AP/P for both sides), percent = 2.0

With the decision to use this type of matrix at these conditions,
a very careful survey of the results obtained during the parametric study
was made Lo ensurce that the optimum corc was selected  This study of the
heat exchanger designs formulated led to the selection of a heat eachinger
matiix with a flow tength of 7 28 1n , a steck-up height of 25.46 1n., a

flow width of 25 19 in. This core consisted of 74 sandwiches of 12 rectangulae:
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_offset fins per in , O [78 1n high on the low pressure side and 74
sandwiches of 16 rectangular offset fins per 1n., 0.153 in. high on the
high pressure side  This unit has a core effectiveness of 0 90 with a
total pressure drop (aP/P) of C.7! percent. The estimated expansion and
contraction losses for enteiting and leaving the 6 (n._dta. high pressure
ducts and the 8 in. dia. low pressure ducts totals 0.63 percent (AP/P).
This left a total of 0 66 percent available for the triangular end sections
required for the introduction and removal of the flow from the heat ex-
changer The preliminary end section designs which were prepared to uty -
lize this available pressure drop resulted in an overall heal exchanger
weight of 330 lb. The physical characteristics of the heat exchanger which
resulted in this weight are given below

| Hastelloy C tube plates, 0.005 (n. thick
2 Hollow stainless steel header bars

3. Stainless steel side plates and manifolds
4 Nickel fins, 0.004 in. thick

5. Plain rectangular fins 1n both the high pressure and low pres-
sure triangular and sections, 5 fins per in, 0.004 in. thick

DETAILED PARAMETRIC SURVEY

The heat exchanger design discussed above resulted from making the bLest
interpolation possible from the parametric study curves. In order to ensuie
that the correct interpolation of these curves had been made NASA requested
some additional patametric studies in a narrow range band. The range of
interest was thermal effectiveness trom 88 to 9! percent and a total pres-
sure drop from [.5 to 3 percent,

In conducting this detailed parametric survey, the physical geomeiry
of the above described heat exchanger was maintained. Figure 33 shows the
results of this detailed parametric study on overall recuperator weight,
face area, and length. All the colutions generated are pure counter{low
plate fin matrices using the above described fins and using single triangular
end sections for the introduction and removal of the flows from the main coun-
teiflowv core. The length dimension shown in Figure 30 s the counterflow core
length plus thc height of the trianqular sections, while the face areas
shown 1s (he core width times the ctack-up height of the recuperator In
the preparation of all these cores the aspect ratio of the counterflov core
facc vas marntaincd at essentially | O Therefore, as the Tace of the core
15 essentially squire the widith or steck-up hcight of the core i1s essentially
the square oot of the area shoun. The abcissa parameter used for Figure 33
15 overall pressure doop (AP/P). This cverall piressure drop 1s the sum of
the 40/P tor all wanifolds, both triaroular cend sections and the pure coun-
tcrtlov care Toar both the hot and cold sides,
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In preparing the curves for Figure 30 the analysis utilized minimum

(AP/P)overall rather than minimizing the pressure drop on either the hot or
cold side In order to present the ratio between core pressure losses and
the overall recuperitor losses the curves of Figure 3! were prepared. In

all cases 1t was found that the pressure drop ratios are almost independent
of effectiveness The curves of Figure 3| are accurate to within four per-
cent over the range of effectiveness and pressure drop covered in the de-
tailed parametric study Detailed information on the pressure drop for any
of the recuperator solutions shown in Figure 30 may be obtained by consulting
Figure 31t This detailed sressure drop information includes:

l. Total hot side pressurc drop

2. Total corec pressure drops
3. Hot and cold side core pressure drops
4, Hot, cold, and total manifold losses

By means of simple arithmetic, the hot and cold pressure drops in each
of the three main recuperator areas (core, triangular ends, and manifolds)

may be determined. Figure 3| clearly indicates that where minimum (AP/P)total

is maintained the ratio of the core to the overall pressure drop varies con-
siderably with the actual overall pressure drop used.

Thrn ablhAa A darre had mawvvnmAatb e~ ~e A mwmy tldAd A meAal o A PR R
- ' - L LA | - ¢ - .- -

OoTr lhe Tinal design. Ln preparing the parametric curves of Figures SV and
31 designs of tr.angular end sections were formulated. In the above refer-
enced weight of 330 Ib the triangular sections used were 7 in. high, giving
a total heat exchanger length of approximately 21 in. Using this preliminary
configuration as the starting point, investigations were conducted into some
of the detailed design effects. These detailed design effects included,
manufacturing and structural considerations, detailed analysis of axial con-
duction and the detarled analysis of the effect of nonuniform flow disLri-
bution throughout entire recuperator. Each of these areas of investigation
are discussed 1n considerable detail in the following sections of this
repor Lt The discussion of these arcas of i1nvestigation also serves to
present the chronological development from this preliminary configuration

to the final configuration which was fabricated.
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SECTION 4

TRIANGULAR END SECTION DESIGN

With the sclection of a pure counterflow plate~-fin heat exchanger for
this 1ecuperator application, particular attention must be paid to the methods
of introducing and removing both fluid streams from the heat exchanger core.
The design constraint in a pure counterflow configuration 1s that both fluids
must enter and leave the same face of the heat exchanger and consequently
some means of dividing this face between the two fluids must be employed.

The simplest and most direct method 1s obtained with the addition of either
rectangular or triangular end sections. Both these end section configurations
together with their appropriate flow paths are 1llustrated in Figure 32.
Where the available pressure drop os low, particularly if it i1s low on both
sides, triangular end sections are perferred. Should the operating con-
ditions required result in a high available pressure drop on one side and a
low available pressure drop on the other side then the rectangular configura-
tion 1s preferred. For both design concepts, the ends are fabricated as an
inteqral part of the heat transfer matrix. The plates used throughout the
heat exchanger cover the entire flow passage areas, but the fins used in the
end sections need not have the same configuration as the fins in the counter-
flow core. Only the fin height must be maintained throughout.

In most cases where pure counterflow heat exchangers are utilized the
effectiveness 1s high and consequently the temperature differences between
LHc r uiu Dt =ald Il L 1T THIU dYCL L IVIi. gl e DHIgl . wicic LIt o 1> LIl Cade.
only a very small amount of heat transfer will be added to the overall heat
exchanger by the addition of the end sections. However, the end sections
will contribute pdrasitic pressure losses to the overall design. In order
to determine an optimum heat exchanger which utilizes end sections, trade
otfs must he conducted between additional heat exchanger weight and these
parasitic pressure losses As there are a number of variables which in-
fluence both the weight and pressure losses of the end sections (including
end scction height, number of fins per in. and the ratio of one flutd face
area to the other) many solutions must be determined to achieve the optimum
design. In order to facilitate this optimization procedure AitRescuich
wrotc a computer program to dcterimine end section pressure losses. This
computer program s described 1n Appendix D,

TRIANGULAR END SECTION SELECTION

Fiist use was made of the computer program described 1n Appendix D to
determine the most suitable triangular end dimensions for use with the pre-
Fiminary selected heat exchanger core discussed in Section 3. The fins used
in the triangular ends are required only to match the height of the appro-
ptiate passoge.  The fewer the fins used, the higher the hydraulic radius and

the Tower the pressare drop.  In the preliminary investigqations foi end

soctions for this core, the range in tins investigated was from O to 10 fins

per an, dhe sesults of this preliminary investigetion ore shown in Figure 33.
66-0707
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NOTES:
0.50 I. RATIO (a/w) DEFINED IN FIGURE 32 .
2. CORLC GEOMETRY
0.48 HEIGHT = 25.46 IN., WIDTH = 25, 19 IN., LENGTH = 7.28 IN.
-4 3. FINS IN ENDS, 5 PER INCH
4. NO FINS ONLY IN LOW PRESSURE SIDE -
0.46 5, HCIGHT SHOWN FOR ONE END ONLY TRIANGULAR -
‘ { f { | ‘ J - { | END HEIGHT
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This figure shows the effect of reducing the number of fins per in. from 5 to
0 and also 1llustrates the effect of varying triangular end height and vary-
ing face area ratio on the pressure drop. From this investigation the selec-
tion for the triangular ends on the preliminary core was 7 in. height with a
face area ratio of approximately 65 to 35 percent (Yow pressure to high pres-
sure) with 5 fins pér in. in the high pressure side end sections and no fins
at all in the low pressure side end sections, This selection was made to have
the minimum pressure losses compatible with the apparent structural require-
ments. As with the preliminary selection pure counterflow heat exchanger core,
this selection was subject to review with continuing detailed design invest:-
gations. Particular attention had to be given to the manufacturing and
structural problems involved in the use of the very low fin densities.

Continuing studies into the manufacturing, structural and axial con-
duction problems i1n the main counterflow section of the heat exchanger
resulted 1n a change 1n core configuration. Due to these various consider-
ations the overall width of the core increased to 26.1 in. while the length
increased to 7.89 in. and the number of fin passages on each side increased
to 76. The plate material also changed from Hastelloy "C" to stainless
steel and the thickness of the plates increased from 0.005 to 0.008 in. In
addition to these changes in counterflow core configuration, manufacturing
studies conducted in another program indicated that the minimum acceptable
number of fins in the triangular end sections was 10. A further advantage
derived from this parallel study program was that fin dies were produced
which were suitable for the fabrication of plain rectangular fins 10 per in.
in both the 0 178 in. high and 0.153 1n. high fins used for the Brayton
cycle recuperator.

On the basis of 10 fins per in. in the triangular end sections and a
more precise definition of the counterflow core configuration a reevaluation
of the end section pressure drops was conducted to determine the optimum
split between high and low pressure side face areas, and also to determine
end designs that would result in the best flow distribution. Optimum split
between high and low pressure side face areas may be dcfined as that split
which results in the lowest total pressure penalty to the recuperator. In
order to determine this optimum, a large number of end section designs were
prepared and their pressure losses evaluated. The results of this study are
shown in Figure 34 where the sum of the end pressure losses 1s plotted against
the ratio of low pressure side face area to total available face area. This
fiqure clearly indicates that the minimum pressure loss occurs at the ratio of
0.75. This ratio was, therefore, adopted for the design of the flow distri-
bution test unit,

Up to this point, all the preliminary designs that were considered
vtilized i1dentical end sections. It was realized that while all flow paths
followed by the fluids in these identical end sections, were of equal length
they did not 1esult in equal pressure drops because of density diffareaces
at the inlet and outlet, this 1s (llustrated in Figure 35, These nonuniform
pressure dieps give a nonuniform flow thiough the counterflow coie, that has
an adverse affect on heat exchanger performance To minimize this adverse
effect on heat exchanger performance it 1s desirable to balance the pressuie
losses in the unlet end with the pressure diop 1n the outlet end thos balancing
flow Tength with density difference. By varying the end seclion height this
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PATH A TO D EQUAL IN LENGTH TO PATH W TO Z. OWING TO TEMPERATURE
CHANGE OF GAS DENSITY AT INLET END IS NOT EQUAL TO DENSITY AT
£ LET END. THEREFORE, ALTHOUGH LENGTH AB = LENGTH YZ

APAB # APYZ

FOR UNIFORM FLOW. AP, = AP

THIS REQUIRES NGN-IDECNTICAL ENDS.

Flgure 35. ([ffect on Flcow Distribution of Identical
Triangular End Secctions
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balance may be achieved. The end section computer program was, therefore,
used to investigate a large number of end section designs to determine the
most suitable height. Results of this investigation are shown in Figure 36

‘where the four individual pressure losses are plotted against triangular end

height. Based on this study, a height of 7 in, was selected for the hot end
of the heat exchanger and a height of 2.25 in. was selected for the cold end.

A perfect balance of both sides is not possible but The heights selected
provide the most reasonable compromise. With the selection of these end
section hetghts an increase in pressure drop occurred. The hot end height of
7 in. is 1dentical to that used in the preliminary selection end design. In
order Lo provide the required pressure drop balance, it was, however, neces-

sary to considerably reduce the height of the cold end triangle. This resulted

in a considetable pressure drop increase in this end. Thus the overall heat
exchanger pressure drop increased from 2.0 percent to 2.59 percent,

Figure 36 shows that the selection of the 7 in. and 2.25 in., height does
not result in the best possible pressure drop balance. The best possible
pressure drop balance occurs at heights of 4.0 1n. and 2.0 in. However, this

resuylts in an overall pressure drop of approximately 2.84 percent., The selected

7.0 and 2.25 1n. heights gave good pressure drop balance on the cold side and
approximately 30 percent imbalance on the low pressure side, It was believed
that this low amount of imbalance in pressure drop would not seriously com-
promise the heat transfer performance of the recuperator and, therefore, this
was selected as the solution that best satisfies both the heat transfer and
pressure drop requirements.

Tha ~bnia dicmicead rarmiinaratar dacinn viac uced ta fahricate the flow

QIsSTripution testL unii, INE TE3UILS U LIS 1 IVW UIDLETUULIVUD LES LIy are
discussed 1n Section 6 while the effects of this testing on overall heat
exchanger configuration are discussed in Section 8.

TRIANGULAR END SECTION, HEAT TRANSFER ANALYSIS

Throughout the preliminary design analysis of the recuperator no allow-
ance was made for the heat transfer that occurs in the trianqgular end
sections Although the flow in these areas is cross flow and s, therefore,
less efficient than the main body of the heat exchanger some heat transfer
will occur 1n these sections. It was assumed that this heat transfer would
compensate for any loss 1n performance due to nonuntform flow distiibution.

An analysis was conducted to dctermine thts heat transfer, which also
gave the temperature distribution of both exiting fluid streams. The re-
sults of this analysis indicate the overall heat transfer conductance (UA)
of the complete heat exchanger s approximately |5 percent greater than
that of the pure counter{low section alonc. Figure 37 shows the gas outlet
terperature distribution obtained fiom this analysis. The incrcase 1n heat
transfcy performance and the gas outlet temperature distribution suown 1n
Figuie 37 vere obtained assuming that the flow throughout the heat exchanger
is unifomm

1
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The method of analysis used to determine these outlet temperature dis-
tributions was to divide the heat exchanger i1nto five flow width sections
as i1llustrated in Figure 37. Consideration i1s first given to flow section |
where the deviation from the pure countcrflow performance is only affected by
a single small triangular section at either end. The effect of the small
triangular end section I1s determined by an i1terative procedure and the
outlet temperatures from these small triangular sections then provide input
for the first increment in the flow section 2 flow path. The same iterative
procedure is then utilized for flow path 2 until all temperatures through-
out this path are determined. This procedure is then followed successively
through flow sections 3, 4, and 5 until the complete temperature distribution
has been calculated. Throughout these calculations each of the small tri-
angular sections shown in Figure 37 are treated as small individual crossflow
heat exchangers.
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StCTION 8

] AXIAL CONDUCTION TESTING

TMPORTANCE OF AXIAL CONDUCTION

J In any high effectiveness pure counterflow heat exchanger, the effect
: of axi1al conduction can result 1n appreciable weight penalties In order

to appreciate this effect, consideration should be given to relationship
B between effectiveness and overall heat transfer condictance. A convenient

method of evaluating this relationship 1s shown 1n Figure 38, which shows

a curve,effectiveness versus NTU, for counterflow and capacity rate ratio

of 1.0 The definition of NTU 1s given on Figure 38; and 1t 1s important
to realize that this parameter 1s a thermodynamic measure of heat exchanger
- size From Figure 38, 1t can be seen that as effectiveness increases above
0 8, the increase 1n NTU 1s rapid. Therefore, i1f axial conduction results
in even a relatively small change in effectiveness, the change on heat ex-
changer si1ze 1s much greater,

Appendix A of this report presents an analytical method of allowing
for the effect of axtal conduction in pure counterflow heat exchangers. In
order to further illustrate the importance of this axial conduction effect
Table | was prepared. This table shows how heat exchanger effectiveness is
influenced by the total axial conduction parameter A,

where A = =% KA

me N

The values shown in Table | apply to conductance and heat capacity ratios
of | only and an nfinite metal to fluid capacity ratio. Conductance ratio
is the ratio of the hot side and cold side ﬂo hA's (fin effectiveness x heat

transfer coefficient, x heat transfer area) while capacitance ratio is the
ratio of the hot and cold WCp (mass flow x specific heat). For the recupcrator
the capacitance ratio 1s | and the conductance ratio 1s very close to |,
Typically for a value of 0.02 at a heat exchanger effectiveness of 90 percent
(not considering axial conduction) the conduction effect (AE/E) is 1.68. This
reduces the effectiveness from 0.9 to 0.885 and from Figure 38, the corres-
ponding 1cduction in NTU s from 9 to 7.7. This in turn would increase the
heat cxchanger size by approximately l4.4 percent.

g3
[ ¢

o

. From this example 1t 1s apparent that consideration must be given to
the effect of axial conduction and that every endeavor must be made Lo
reduce the effect With the sclection of a pure counterflow plate fin

. heat exchanger for this application the main pioblem to be resolved in the
area of axial conduction 1s a realistic value for the anial conduction

L.

s
» aramecer , A
. P ‘
- The basic problem assocrated with estimating this axial conducton
: patancier e obtaininyg the nroper value of KA (vhere K 1s the thermal '
s conductivity of the overall matiix and A 1s the true conductivily cross
.
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A st

sectional area). This parameter 15 difficult to obtain for a plate fin
matrix as,where offset fins are used the true metal conduction area is

not easy to define, and also as the fin-plate-braze material cross section area
1s unknown A further factor influencing the determination of this thermal
conductivity parameter i1s the effect on the basic materials of the brazing’
operation. Changes 1n thermal conductivity may be caused by the diffusion of
the braze alloy into the parent materials. Therefore, the type and thickness
of the braze alloy used, and the time and temperature of the braze cycle may
influence the KA parameter.

In order to determine a realistic evaluation of the effect of axial con-
duction on the selected heat exchanger design, a test program was conducted to
determine this KA parameter. Details of this test program are given below.

TEST PROGRAM

The intention of this program was to determine the KA product from
electrical resistance measurements. Experiments have demonstrated that
electrical and thermal conductivities are related by the following empirical
equation’

§
K = 20T + B (1)

The work of Smith and Palmer (Reference 2) was done with copper alloys,

womrmtma Lfremwm A ra ,rapnar ba Lty 1a A jer W)Y parrant AAannor Ihe K = T n,nr
=) ot

was linear to oT values of approximately 9 x 10-7 °%K/ohm cm and all experimen-
tal values fell within 10 percent of the line shown in Figure 39. Subsequecnt
to the work of Smith and Palmer, the constants £ and B have been determined
for aluminum beryllium, i1ron, magnestum, nickel, and titanium base alloys
(References 3 through 10 respectively). A compilation of these constants is
included in Reference (0.

Since the basic problem s to determine the KA parameter of the plate
fin matrix, three specimens were made from materials considered for the pro-
gram. Fiqure 40 shows an isometric sketch of the test specimen, a schematic
of the test setup for measuring the specimen electrical resistance, and an
isometric of rectangular offset fins.

Table 2 lists the equations for estimating thermal conductivity for
nickel and i1ron base alloys.

Equation (6) shows that the calculated KA value should be multiplied by
the rati1o of calculated to the experimental resistances. Again i1t s pointed
out that the expresstion 1s an approximation only.

In order to calculate the KA parameter, the cross sectional arca of the
plate and brase alloy, the conductance path for flow down the fins, and the
thermal conductivities of the materials must be obteined. Conduction through
header bairs and side plate must also be evaluated Each KA value is calcu-
toted, the total KA parameter for the heal exchanger 1s the sum.
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TABLE 2
EQUATIONS FOR ESTIMATING THERMAL CONDUCTIVITY FOR NICKEL AND IRON BASE ALLOYS

Equations for conversion of electrical to thermal conductivity

Alloy System Thermal Conductivity
Iron (347 stainless steel) K=27x 100% To + 2.84
Nickel (Hastelloy C) K=33x 1008 To + 1.25

Elcctrical resistance and conductivity are related by Equation (2).

L
R =& (2)

By substituting Equation (2) into Equation (1), the relationship between
electrical resistance and thermal conductivity results:

LT

K = -EK'+ B (3)

The lattice conduction constant (B) in Equation (3) 1s approximately 20
to 30 percent of the thermal conductivity. As a first order approximation
this term may be neglected resulting in the following expression

]
K ~ (4)
or

o ~ L (5)

By calculating and measuring electrical resistance, the following expres-
siton may be wirtten equating experimental and calculated i1esistances and KA
parancters

calctlated KA

experimental R calculated
experimental

(6)
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Jdi . e KA Parameter.
(No. of Plates)(thickness)(width)(thermal conductivity) = KAp

Braze Alloy KA Parameter

-

(No. of Plates-!) 2 (Alloy thickness)(width)(thermal conductivity) = KA
Fit. WA Parameter:

2 (No. of fin passages)(fin thickness/4)(passage width)
‘+hermal conductivity) = KAf

¥* valuc ° header bar and side plates = KASh

Total KA = T KA's
Discussion

+hre  plate~fin samples were prepared for axial conduction analysis.
(Sauples -, 4 and 5).  The results from samples prepared for another program
have also been included. Samples were between 13 and |7 in. long, 1.5 in. wide
and approximately | in. high. Table 3 is a description of the samples while
Figure 41 shows a photograph of one sample.

[
1sted 1n Table 4 are the measured resistance values of the samples, the

“c ~rt +hao rarriitatad caraln =nacicrqnean naw Sans -»r‘A L N
: R ) o -

T e, to &alcu!ated values.

talculated resistance values were based on electrical measurements made on
stainless steel and Hastelloy C samples.

Basen on the expericnce AiResearch has gained in brazing stainless steel
heat exchanger cores, 0.006 in. thick stainless steel tube sheets are the mini-
mum thickness that will provide a highly reliable leak tight braze joint.
Because Hastelloy C 1s somewhat more resistive to hraze alloy penetration, a
thickness of only 0.005 1n. provides the same reliability. To show the effects
of braze penctration and obtain resistivities of the value of the metals, some
l-in. wide strips of 0.005 in. Hastelloy C sheet and 0.006 in. type 347 stain-
lese ctnmr) cheet were brazed and photomicrographs were made.

.al strips were roller coated on both sides with Coast Metals No. 53
tchel base brazing alloy (AMS 4778). The approximate thickness of the braze
alloy coating was 0.001 in. The coated and uncoated strips were heated in
vacuun to 1965%, held 20 minutes at temperature, and furnace cooled. This cycle
is typtcal for averaqge heat exchanger brazing.

-]
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TABLE 3

SAMPLE DESCRIPTION

Sample Width Length
No. SRR / / wi -\ in. 0.
| 6 Al fins, 12R - 0.178 - 0.178(0) - 0.006 1.5 17 5/8
7 Al plates 0.006
Dipped brazed
v kel fins I6R - 0.153 - 1/7(0) - 0.004 1.5 17 11/%6
SS plates 0.006 thick
_Jd with ntcrobraze ‘
3 Il Hastelloy C plates 0.005
5 Hastelloy C splitters 0.002
10 NI fins 40R - 0.025 - 0.050(0) - 0.00! | 1 3/8
5 N1 fins 20R - 0.050 - 0.050(0) - 0.002
4 3 Nickel fins 12R - 0.178 - 0.178(0) - 0.004 1.5 12 3/16
3 Nickel fins I[6R -~ 0.153 - 1/7(0) - 0.004
7 Hastelloy C plates 0.005 thick
Brazed with nicrobraze
- :\\.: :.-nl-o :: :nIT: :Jn;l‘;\’\;) - :‘.VV“
v Nickel fins I6R - 0.153 - 1/7(0) - 0.004 1.5 16 7/8
7 347 SS plates: 0.006 thick
Brazed with nicrobraze
TABLE 4
MEASURED RESISTANCE VALUES
Measured Measured Calculated Ratio
Samplc Resistance Resistance Resistance (measured to
No. ohms ohms/{t ohms/ft calculated)
] 0.00019956 0.000136 )
nicrobraze
0.0012732 0.000865 0.00146 0.592 J
3 0.001866 0.00197 0.00313 0 629 electroless
nickel
4 (HC)  0.00101968 0.000928 0.00161 0.576 1
nicrobrarze
5 (SS) 0 00120652 0 000859 0 00146 0.589 ‘j
r e VRESLAKC T MARUTAC TURITG DIVISION 66-0207
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Sections {from the coated and uncoated strips were examined microscopically.
Typical microstructures are shown on the photomicrographs on Figures 42 and 43,
Braze alloy penetration of the 0.005 in. Hastelloy C sheets was about 29 per-
cent through the sheet (see Figure 42). Figure 43 shows complete alloying of
the braze alloy and the 0.006 (n. stainless steel for about [0 percent of the
sheet with a further braze penetration for an additioral 26 percent of the sheet.
Consequently, the total braze alloy penetration 15 more severe on the stainless
steel sheets.

IT both sheets were 0.005 in. thick, then the total braze alloy penetra-
tron from both sides would be 58 percent through the Hastelloy C sheets and 82
percent through the type 347 stainless steel sheets. Comparative bend tests
were performed on the braze alloy coated specimens and no substantial differ-
ence between the materials was observed.

Jable 5 lists the resistance values and physical dimensions of the above
discussed braze coated strips.

TABLE 5
RESISTANCE VALUES AND PHYSICAL DIMENSIONS OF BRAZE COATED STRIPS
Electrical
Strip Resistance Length Thickness Wiath Resistlivity
Number ohms In. in. in. ohms in.
I (SS) 0.05425 14 3/32 0.0085 | 32.8 x 107°
20T c.om20e A c.oor ' AL
3 (SS) 0.06474 14 7/32 0.0063 | 28.6 x 107°
4 (HC) 0.12083 14 3/32 0.0055 ] 47.1 x 10-°
5 (SS) 0.06329 14 1/32 0.0063 ! 28.4 x 1076
6 (HC) 0.09750 15 0.005 1.5 48.8 x 10°°
Sample Description
. 347 stainless steel coated with 0.0011 in. nicrobraze on each side.
2. Hastelloy C coated with 0.00l! in. nicrobraze on each side.
3. 347 SS not cooted, heated in braze furnace.
4. Hastelloy C not coated, heated in braze furnace.
5. 347 SS not cooted, not heated.
6. Hostelloy C not coated, not heated.
)
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By comparing samples 1| and 3, the effective resistivity (or resistance)

« 2s by about 15 percant with the alloying. This shows that when stain-

brazed i1ts thermal conductivity 1s reduced somewhat by the alloying.

v upartng samples 2 and 4, a different trend appears to exist with Hastelloy C.
By cduing alloy to the Hastelloy samples the effective resistivity decreased
tndicating that the alloying of Hastelloy C results in an increased thermal
conductivity. Hastelloy C 1s a better material for use for minimizing axial
conduction but the difference between Hastelloy and_347 Stainless Steel is not
large as previously concluded.

alculated resistance values Jisted in Table 4 were based on the measured
resistivity values listed above. A resistivity value of 13 was used for the
alloyed nickel fin brazed to the tube plate material. The assumed fin area
for ¢ ~duction was that directly brazed 1> the tube plates. This was a first

‘mption. After considerable effort was applied to the subject prob-

lun of axial conduction, this assumption of fin area was questioned. An
imp' per ction of fin area may be responsible for the difference in calcu-
lated anoe weasured electrical resistances.

INFLUENCE OF AXIAL CONDUCTION ON HEAT EXCHANGER DESIGN

l 'ring the parametric study (Section 2) the plate-fin heat exchangers
used <« ainless steel plates and nickel fins. However, during the final
selection studies (Section 3) the plates considered were Hastelloy C and the
fins remained nickel. The increased strength of the Hastelloy C perm:tted
the use of thinner gauge material. This, coupled with its lower conductivity
reduces axial conduction and, therefore, the Hastelloy C is preferred for this
anplication. A compar:son of the thermal conductivity of Hastelloy C and stain-

. bl cY r [} - - - al - . “ .- -
] .nnvvvl on l t\.’unL -~ e nn W~ it w \,nlunl\-’\— I R, ~~

d on the overall heat transfter conductance ot the recuperator s
shown 1n Figure 45a, This figure indicates that the overall conductance of
th= recuperator core must be increased by approximately 5.8 percent with a 90
percent effectiveness unit to accommodate a change from Hastelloy Lo steel. A
comparison of heat exchanger core volumes as a function of effectiveness for

tain ess steel and Hastelloy C units is shown in Figure 45b. This second
curve reflects the 10 percent change in the physical size of the recuperator
core due to the change from Hastelloy to steel.

In addition to the change i1n thermal conductivities a further factor,
which resulted in this 10 percent core volume change, 1s increased thickness
of the stainless steel plates. Based on AiResearch's experience in brazing
stainless steel heat exchanger cores, 0.006 in. thick stainless steel tube
~e the minimum thickness that will provide a highly reliable legak type
' int. As Hastelloy C 1s somewhat more resistive to braze alloy penetra-
tion arthickness of 0.005 in. could probably be used.

The curves shown 1n Figure 45 were prepared for the preliminary selected
recupcrator design discussed 1n Section 3. The estimated heat exchanger
weight for this preliminary design of utilizing 0.005 in. thick Hasteiluy
plates, 0 CO4 n. nickel fins, hollow stainless steel header bars and no fins
tn eirther triangular end section was 305 lb. With a change to 0.006 in.
thi-k st 'nlecs stecl plates and matntaining the same 0.90 effectiveness the
! e qci weight increased to 353 Ib. This inciease in wecight was based

canal estimated values of he KA factor. As a result of the above

P 66-0207
, EARCH BAARUY ACTIPIRG 10 110N Page 70

[ TR I TR NTIY

| et e i ———— R ————

e e amp — e

e e = — i




[

band | AR LT | i il

ol

a ol

[
L)

R

¥
| SV

|

|

,

-
P NI

~

Lo

-
14 ; T : et -
< 1- 1 . i TSNS B O N S TR R O . . !
~—~ T *"—"-——1*» - gt -
— - R 1 f o ' g PURS 4 . ) .
L J SRS =
é‘L { o )" N
[ TRt :
s L) - |
— ! . 4 f gl
4
R I i LI IPEY oTEEL . T ] . ; :
W - . 1N\—F—s e i I R
~ { ! ! STA,.J"‘/ i !
— P, - r,..l r—d‘_. - - ———
% "_.——r‘ : ! ! 4
z . : '
o ' _,.»-'r-*""/ . ' . . {r
wi | el L . R o { ! .
a ;-oor"n‘ I F: “I—T T '''''
' R . o :
2 10 T i
= vad b - . ' |
e e b s R - !
- 11 ‘,s i 1 .
S g i ‘ ‘ . 4] i
~- iy {0 K L ——
> SR138 JUN TS U . L TS T T A et
DS — SNSRI DG "
- :‘ . i v R RIS o TN ; \‘0\{ " - -
— 8 'R S v e ' B s “ASTEL f B !
- ™ Y RERPY T anan | Alr et 4
" [R] 1T 1 4 [ 1 1 4 t [ e (N} t ot [ [ B t , o ' + !
) DS t s ‘_'*“—' 1 + * i ¢ ¢ — b
9 - ] AT e = - L
g 7 ' // ' i ' !
o o 4~ 7
o ',,.,Ar""f I ' T r ‘{
pre KL , ' . ‘ S0 LI : i
b 6 . ‘ . . .
S:J :.‘ . : t, . ‘ + ‘ " . : ‘{
T L..‘_, N USRS S P SIS I S PN SR, i i : i - ———
— l': ¥ ' I [ ' l 1 R
5 4 | :

'J FREGEAC U

500

Flgure 44.

URIRG DIVISION

Last

[T ¥

600 700 800 900
TEMPERATURE (T), °F

Thermal Conductivity of Stalinless
Steel and Hastelloy "C"

66-0207
Page 71

1000

A-18432




sale|d ,J, Ao||91seH pue [331§ SS3|UIRIS O uos!iedwo)

3 1N3234d
“173) S$SINIALLITALI JWNLVYIWIL

a{~di-Yv

16 01 68 88 L8

. -y -

g ; \k_

e nE I S

M\_ .
: -
!
H

[ R,

, \\“ .

A

. \ Lo
m

!

T

;
] 4 ]
] ! } i
Il!&zlllﬁt: . \ﬁ\xJ -zm - wll
w !
H {
“ '

\ '
PN

v w- -

t t

!
bl iaaelaty bty SR

!

008¢

000Y

CGer

007y

0097

008y

000S

002s

00vS

NI “(A) 3WNI0A 340D

ubisag Jole: dnooy oyl u

Gy uanbiy
3 IN3JY3d
“(73) SSIN3ATLIFL42 FYNLVYIAWIL
16 06 68 88 ‘8
9%
. ! o
! “ ! .
- ! 2y

——————

B B SIS YRy

1

t

N

(4 ) (NIW) ¥id NLB “{vA) IINVLINGNOD

66-0207
Page 72

DIVISION

N
'
Lu Bryele (a11010

A E S WCH MANUE AL TR

I

et v3)

Cmerrecy

\

/

g

-~

~

|




b il
¥l |

e

59

]

[ R—

e e

described test program, this KA factor was increased. This resulted in a
weight for the Hastelloy C unit of 341 ib while the weight of the stainless
steel unit increased to 413 lb.

With this weight increase NASA requested that an investigation be made
to determine (f the overall weight could be reduced By increasing the overall
pressure loss of the recuperator. The changes in the recuperator weight
resulting from changing the total pressure drop are shown in Table 6. All
numbers shown tn this table are for an effectiveness of 0.9. This table shous
that only small savings in weight are obtainable even with fairly substantial
increases in total pressure drop. This {s an agreement with Figure 22, l23
and 24 which indicated the tradeoff between weight, effectiveness and pressure
drop for pure counterflow plate fin heat exchangers. Also shown in Tab]c 7
1s the reduction in effectiveness which results from the increased KA factor
1f the original designs are maintained.

TABLE 6

EFFECT OF PRESSURE DROP ON RECUPERATOR WEIGHT

AP/P Stainless Steel Hastelloy C
Decrease Total Decrease Total
n Welght, Weight, in Weight, Weight,
DAnwemnmnm mAarsna - RS :\nv-f-n-\o- 1k
2.0 0 413 0 341
2.4 2 405 2 334
2.8 5 392 5 324
3.2 7 384 7 317

With the incrcased effect of the KA factor from the test program, either
the heal exchdanger size must increase or effectiveness must decrease. Both
alterratives are 1ilustrated below.

Recuperator Effect1veness
Recuperator Type Weight, pounds percent
Hastelloy C . 341 90
303 88.9 |
Stainless Steel 415 90 l:
353 88.6
[% J*'ﬁqamrqur.nJHNMIUUﬁ.nhrmN 66-0207
[ -~ Mt s o Page 73




As a further means of attempting to reduce the overall recuperator weight
while allowing for the increased effect of axial conduction, consideration
was given to the fin material. Throughout the study, to this date, nickel
was used as the fin material. Nickel was selected for this application owing
to its higher thermal conductivity thar steel thus increasing fin effective-
ness. Increasing fin effectiveness results i1n decreasing core size but at
the same time increases the effect of axial conductien which may increase core
size. In order to.determine whether any weight savings would result from
changing from nickel to steel fins, a series of heat exchangers were designed
having exactly the same performance and all utilizing identical core matrix
geometry. The only variable in this series of core was fin conductivity.,

The results of this evaluation are shown in Figure 46 which shows that as fin
conductivity is reduced through the range of 30 to 10 Btu per hr ft °F, the
overall weight and size of the recuperator is reduced. This indicates that
the effect of axial conduction overrides the increase in fin effectiveness.
As a result of this analysis the fin material in the selected recuperator
design was changed from nickel to stainless steel.
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NOMENCLATURE

Thermal conductivity
Area

Leng?h

(we_)

p’'min
Fluid flow rate

Heat capacity

Effectiveness

Change in effectiveness

Total axial conduction parameter
Lorenz constant

Absolute temperature

Lattice conduction constant
Electrical conductivity
Electrical resistance

Electrical resistivity = /o
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SECTION 6

FLOW DISTRIBUTION

In any heat transfer device the problem of flow distribution must be
considered. Any nonuniformities in flow distribution will reduce the heat
*rans' ~r performance and increase the pressure drop. If the degree of non-
uniformity 1n flow distribution is known, it is possible to make a realistic
estimate of its influence on heat exchanger performance. However, the prob-
lem of defining the degree of nonuniformity is considerably greater. In the

- ages of the final design program a briefl analysis was made to
do .+ - he effect of an arbitrary selected nonuniformity on the pre-
lis ary < ted design configuration. The flow distribution assumed for
tht analy 5 s shown un Figure 47. The results of the analysis are also
shown 1n Figure 47. Although this arbitrary assumed nonuniformity in {low
reduced the effectiveness by only 1.7 percent this in turn reduced the
untt hcat transfer units (NTU) by 22.5 percent. In terms of heat exchanger
« ght *his would result in the heat exchanger weight i1ncreasing by approxi-
m «ely 70 1b to account for this amount of nonuniformity.

In the design of the heat transfer matrix every attempt was made to
provide uniform flow distribution. The specific approach utilized in the
design of thc triangular end sections which provide the entrance and egress
of the fluids was discussed fully in Section 4. Considerable design
at -~+1~n ac alsn directed towards the lnlet and outlet manifolds for

-~ -f a2l - - £ - ]
U dLicaing. J.ln.nllul\. X% uv-«n: - - =z el Kok ~lA rac

1 nonue ormities of flow distribution through the heat transfer matrix.
Th~ results of the manifold flow distribution analysis and test program
are discussed below.

v addition to the manifold flow distribution testing, flow distri-
bution testing was also conducted on the heat transfer matrix. The flow
distribution test core design resulted from the work conducted during the
parametric survey and also during the triangular end section analysis and
anial conduction testing. While this test program was entitled "Flow
Distribution Test" the objective was mainly to obtain the performance capa-
bilities of the heat transfer matiix. Although instrumentation was
included on the test unit to obtain flow distribution information directly,
¢ cmphasis placed on the test results on this unit were on its hecat

pei formance and pressure diop. As the analysis lecading Lo the
sclection of the flow distribution test unit has been discussed completely
in Sections 7 and 8 only the results of the actual testing are discussed
in this section.
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58.3 PERCINT W

41,6 PERCENT W

HOT FLOW

COLD FLOW

v y ? ?

33,35 PERCENT W

66.7 PERCENT W

ASSUMED FLOW NONUNIFORMITY WITH W = 36,7 LB PER MIN

Uniform Flow

Nonuniform

Ff¥pr+t vamare 1T NAwrAan ) cn N
Heat transfer units (NTU = UA 9.00
WC min
Hotltemperature out (T, °R) 877
Cold temperature out (T, °R) 1484

s

735

892

1473

The results above are based on the following design conditions

Cold inlet tempejature, °R 801
Cold inlet pressure, psiq 13 80
Hot tnlet temperature, °R 1560
Hot inlet pressute, psig 6 73
Argon flow rate, b per min 36 7
(each sidc)
Design point effectivencs<, percent 90
Ovciall pressure drop, pricent 2
Estionted veight, 1b 300
A-182%1
Fifect of Nonuniferm Flow on Recuperator Ferformance
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MANIFOLD FLOW DISTRIBUTION

In order to ensure that satisfactory flow distribution would be ob-
tained through the heat transfer matrix a complete analysis was performed
to determine the best shape and any required internal arrangement for the
inlet and outlet manifolds to provide uniform flow. ~

Manifold Analysis

The tnitial aralysis of the anticipated manifolds for the Brayton
cycle recuperatcr indicated that i1n order to provide uniform flow over the
entire inlet face of the recuperator, vanes would be required i1n the mani-
fold While these vanes provided uniform flow they had the disadvantage
that they increased pressure drop. Consequently, the continuing analysis
of the manifolds concentrated on providing uniform flow without the addition
of vanes. These continuing studies were conducted using the recuperator
layout shown on AiResearch Drawing 198005 which describes the relative
position and flow directions of the entrance and exit ducts. Throughout
the analysis ltow pressure side ducl diameter was maintained at the NASA
specified 8-1n diameter while the high pressure side diameter considered
was 6-in. The analysis considered box-type inlet and exit headers, as
shown 1n Figure 48, for both the high pressure and low pressure sides. A
two-dimensional analysis was conductced to determine the static pressure
distribution 1n the header regions and to determine the effect of header
design on flow distribution. When conducting this two-dimensional analysis,
nee wac marde nf the data nf M Perlmutter and A I. london (References ||
anu 1€ ). e Co L hialcu SLac i PICDDUIC UIDL UL IV tIr Lne Pt 1L QI AL
headers for both high and low pressure sides of the recuperator are shown
in Figure 49. The estimated flow distribution resulting from these pressure
distributions 1s shown 1n Figure 50. Since box-type headers are used, the
static pressure distributions follow the square law, that i1s, the static
pressure 1s proportional to X? where X 1s the distance along the surface of
the core as shown in Figure 48,

Because the flow exits from the center of the exit header with the
direction perpendicular to the inlet direction, the exit region may be
considered to consist of two identical but opposite parts. The flow model
Is, therefore, a compostite onc (f parallel flow plus counterflow, as t1lus-
trated by the typical streamlines shown 1n Figure 48, the static pressure
distribution 1n the exit region 1s therefore, also a composite curve of
two parabolic shapes symmetric to the axis of the exit duct as shown in
Figure 49,

The header pressure distiibutions and flow distribution resulting from
this preliminary analysis were unacceptable and consequently the analysis
was continucd to impiove the manitold configuration from the origtnal assumad
bov type  The main cause of the estimated nonuniformities 1n flov distr-
but ion 15 attributable to the combination of the centrally located exit duct
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in the constant cross-section of the box-type inlet headers As the exit
duct location 1s fixed, improvement 1n flow distribution should, therefore,

be obtained by redesigning the inlet header shape. This, i1n fact, 1s the
apptoach utilized by both Perimutter and London in the above references.
Using the analytical techniques of these references new inlet manifold
headers were designed  These new header designs are-illustrated in Figure 5I
The header cross-sectional area decreases linearly to approximately half of
the core height, from which point the area 1s constant to the end of the core.
The exi1t header configuration maintains the original box-type configuration
except that a plate divider 1s being incorporated to redice mixing losses.
The larger manifold curvature was used to increase the exit area and the
junction of the exit header and exit duct.

Characteristically, the pressure 1n the tnlet header decreases first,
then increases according to the square law. The pressure distribution
profile of each pair of inlet and outlet headers are now matched more ef-
fectively, as shown 1n Figures 52 and 53, for the low pressure and high pres-
sure sides respectively The flow distribution curves resulting from this
pressure distribution for both high and low pressure sides are shown iIn
Figure 5. Minimum nonuniformity in each case is within a 2 percent tolerance.

Mantfold Flow Distribution Tests

In order to verify the above analysis, full scale manifold distribution
tests were run The actual manifolds constructed for the flow distribution
tests are shown 1n Figure 55. All manifolds were full size. As no full
St. e neAd EXCTANOPE WS AVATLLANIR TNAFT TNPEF TERTE 1T wWAS nerpgcary rn rinn
a method of simulating heat exchanger pressure losses. The method selected
for doing this was to utilize several layers of fine mesh screen with the
same pressure drop as the heat exchanger matrix at the same flow rates.
Photographs of the screen matrices simulating both the high andlow pres-
sure stdes of the core are shown in Figure 56. The test setup used for the
low pressure side manifold tests s 1llustrated 1n Figure 57. The high
pressuie side test setup was essentially the same and the same amount of
instrumentation was used for the tests.

The test manifolds and associated test hardware used for the high and
low pressure side tests are shown schematically in Figure 58. The test
mani folds are 1dentical to the design configuration, including structural
shapes and reinfoircement  As stated above, flow resistance similarity
was obtaincd with screen matrices and the test fluid was ambient air, at
flow rates which gave the Reynolds numbers close to the design condition
Pressure probe grids were placed upstream and downstream of the simulated
core On the low pressure side, ten traversing probes were used to reco.d
the pressure over the full matrix area Pressuire was measured at lateral
(no flow direction) intervals of 2.5 1n. and longitudinal (flow direction)
mmcrements of 2 tn Three permanently located pressure probes were placed
1n the inlet qroup Lo assuie identical test conditions at the start of
each recording sequence Inlet static pressure and static pressure drop
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were rccorded at each of the 60 points The high pressure system was
arranged similarly to the low pressure system except that fewer probes
(6 traversing) were used, since the frontal area is appreciably smaller.
The average low pressure frontal area Is approximately 21 in. by 26 in.,
the high pressure frontal area i1s 9.5 in. by 26 in.

-

Test Results

On the high pressure side preliminary results i1ndicate that the tapered
tnlet pan in combination with the center outlet pan produces fairly good
flow distribution, however, the 2 percent (max) nonuniformity target was
exceeded. '

A slight manifold modification could effect the improvements necessary
to achteve the desired uniformity. Improved uniformity could also be obtained
by modifying the duct slightly with an insert.

Prel iminary results on the low pressure side indicate that tapering the
inlet pan was effective, however, the 2 percent (max) nonuniformity target
was agatn exceeded. The results indicate that slightly more acute taper on
this manifold 1s required to give the necessary flow distribution. Further
improvements In flow distribution would also be achieved on this side of
the unit by the addition of the gas to liquid heat exchanger.

At the conclusion of the above described manifold testing consideration
was aiven to runnina further tests. These tests would have included the

- . vV o, 1 c vt ] [ -|~-. - - l-.‘.',.\... ~AfE thn A~
Iuvlo\'ugcvn ~ AN NN ) - - e e W ow - -— -

exchanger core impedance. However, at this time the flnal design configur-
ation was not fully defined and as it was known that the modifications re~
quired to the ducts and manifolds were minor 1t was decided that these
additional tests were unnecessary. This decision not to run further tests
was later substantiated as the finally selected design configuration re-
quired overall gecometry changes to the manifolds. With the pressure drop
reduction investigations, described in Sectron 8, with the aspect ratio of
inlet and outlet face of the counterflow core changed from 1.0 to 2 25.
This, of course, increases any flow length within the manifolds and re-
duces the cross-section area. From the methods of analysis used to predict
the pressure and flow distiibution 1n the manifolds and from the test data
obtained from the above described program i1t 1s believed that satisfactory
manifold designs can be made without further testing.

HEAT EXCHANGER FLOW DISTRIBUTION

The analytical studies discussed 1n Sections 3, 4, and 5 of this report
led to the design of the flow distiibution test heat exchanger. As a result
of the monufacturing and axial conduction tnvestigations the size of the
basic counterflow core increased shightly from the preliminaiy selected
confrauration  The triangular ¢nd scction analysis end design discussed
in Section 4 gave the final configuration for the triangular ends
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The intent of the flow distribution test was to evaluate the performance
capabilities of this final selected design. The test untt used wvas full
size 1n all but one dimension. In order to reduce cost and to ensure satis-
factory test operation the no flow dimension (or stack height) of the test
core was limited to 2 in. In the full size heal exchanger this dimension
Is approximately 26.2 i1n. From the results of the axial conduction analysis
and test program the entire flow distribution test unit was fabricated from
statnless steel. The low pressure side fins used i1n the counterflow core
are the originally selected [2 rectangular fins per 1n 0.178 1n. high and
the fins used in the high pressure side are the originally selected 16
rectangular fins per inch 0.153 n. high. Both fins are fabricated from
0 004 in thick stainless steel. The tube sheets throughout the test core
are 0 008 in. thick stainless steel and the overall width of the counter-
flow core 1s 26.2 1n. and the flow length of the counterfliow core 1s 7 85 in.
From the trriangular end investigations the hot end triangle height 1s 7.0
in. and the cold end triangle height 1s 2.25 in. There are 10 plain rec-
tangular fins per 1n., 0.004 1n thick 1n both the high and low pressure
triangular end sections. The ratio of the low pressure side inlet face
area to total available face area i1s 0.73. Definition of hot and cold end
together with definition of high and low pressure side flows i1s shown In
Figure 59.

Special manifolds were designed for this test core to ensure that the
nonuniformities 1n flow distribution occurring 1n the tests were the result
of the heat exchanger matrix and not of the manifolds or ducts. These heat
exchanger manifolds are shown in Figure 58. Also shown i1n Figure 60 1s the

remnlate Flair dictrihintian toct haat avehanmmrne tiiekh mam FAlTAA YRS I P
> - 2 z 2t

Initially two complete series of tests were conducted on this unit.
Figure 6! shows the unit installed i1n the test setup and clearly indicates
the different i1nlet and outlet flows. In the first series of tests a hot
side i1nlet temperature of approximately 400%°F was used while in the second
sertes of tests the hot side inlet temperature was increased Lo approxi-
mately 600°F In both series of tests the cold side inlet temperature was
room ambient and the {low range covered by the test was from | to 4 1b per
min  This range of flow rate covers both the equivalent mass flow and the
equtvalent Reynolds numbers to the destgn point operating conditions,

Difficulties were encounteied with the data obtained from these first
two runs In both series of tests conducted, inlet and outlet temperatures
of both fluids to the heat cxchanger were measured in mixing boxes which
were some distance from the unit. As all ducting, mixing boxes, and the
hecat exchanger 1tself were well insulated 1t was originally believed that
the heat leak {1om this setup should be negligible. However, duiing a
number of the runs additional temperatures were taken by a traversing thermo-
couple acioss the inlet and outlet faces of the hcat exchanger and the re-
sults of Lhese temperature traverses differed considerably fiom the valucs
rec 1 1 the mixing boxes. In order to eliminate this type of uncertainty
ftor the test cesults a calibration of the heat leak betueen duct.ng and
mixtne boves was canductead
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The two arcas where duct and mixing box heat leak have a substantial
effect on the data obtained are tire hot inlet and the ccld outlet At the
other two locations, thal i1s, the hot outlet and the cold inlet, the gas
tempetatures aie close to ambient and, therefore, the heat leak is very srall,
In order to evaluote the heat leak from the hot inltet duct and the cold outlet
dact, thermocouples were installed ot the hot inlet-and cold outlet faces
of the heat exchanger as well as 1n the normal locations in the mixing
bores The unit was then insulated, as 1t was throughout all heat trans-
fer tests, and hot gas passed through the heat exchanger on one side only.
With a hot gas inlet temperature of 600°F flowing through the hot sige of
the heal excihanger i1t was established that, with a flow rate of 1.8 1b per
min the tempeiature loss between mixing box and heat exchanger was approxi-
mately 12 5°r. his data then established the amount of heat flowing away
fiom the hot 1nlet duct while operating at a temperature of 600°F. This
test was isoihcermal and as readings were taken for over an hour after sta-
bility had been achieved 1t s believed that this 1s a very accurate eval-
uatton of the heat leak from this duct A similar test was conducted to
determine the hcat leak from the cold outlet duct, only during this test a
gas temperature of 520°F was used In this case, with a flow rate of (.8
1b per min through the system the temperature loss was approximately 46°F.
The much greater heat leak on the cold side ducting was apparently due to
the use of less insulation around this section and also to the fipal method
of mounting the unit within the test setup. There 1s no support structure
between the hot inlet mixing box and the inlet face of the heat exchanger.
However, there 1s a metal support stand located Letween the cold outlet
face of the heat exchanger and the mixing box. This stand supports the
Avily o~ A e~ b -~ r oemnd o mmamabnd e & ,‘" -...l m—e b ak An o b A &l
tests were being ~un 1t was observed that the metal of thts test stand was
too hot to touch, thus indicating a substantial heat leak from this area.

With this heat leak evaluated further heat transfer tests were conducted
on the two i1nch stack-height heat exchanger core. After the conclustion of
the heat leak cvaluations four different flow rates were run through the
heat eschanger to establish 1ts heal transfer performance  The hot inlet
temperatuic wos marntained at approximately 600°F while the cold inlet
tempcrature vvas room ambient. In examining the data obtained directly from
the mixing boxes the heal balances rangyed from approximately S5 percent to
approximately 15 percent. However, when the duct temperaturc loss cor-
rectiors weie applied to this data all heat balances were below 2 percent.

Fui ther confrimation of the accuracy of the hecat loss calibration was ob-
tained by comparing this data with the data obtained from the first sct of
te«ts where the fluid temperatures were measured by a traversing piobe at

the outlet faces of the heat exchanger. Both the data oblained from the duct
loss calibrations and the data oblained from the temperatlure prove traveises
1s shovm in Trgure 62, Aiso, shown in this figuie 1s an estimated effective-
ness curve for the actual test conditions. In all cases the test data indi-
cates stightly higher effectivencss than predicired.
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As 1t 1s not possible to test the two inch high core at actial design
conditions 1t 15 belicved that the data shown i1n Figure 62 provides the
most 1eliable means of determmining heat exchanger performance  The method
of analysis used to obtain the predicted curve of Figure 62 i1s exactly the
same 3as that used to design the full sized unit. Therefore, a comparison
betvieen this curve and the test data obtained provides adequate confirmation
of overall hecat transfer performance of the full size unit.

From the temperature probe traverses, run during the initial series
of tests on this unit, 1t 1s possible to obtain the outlet temperature
distiibution., Owing to the small amount of heat transfer occurring in the
triangular shaped ends this outlet temperature distribution 1s not uniform.
This 15 a result of the fact that the heat transfer in the trrangular ends
1s the cross-flow type which 1mposes a definite temperature profile. A
comparison of the actual outlet temperature distribution obtained with the
theotetical outlet temperature distribution gives a fair indication of the
nonuntformity tn flow which exists within the heat transfer matrix. Figure
63 11lustrates the cold side outlet temperature distribution as a deviation
from the mixed mean outlet temperature. Both the test distribution data and
the theoretical distribution data are shown on this figure. The theo-
retical distribution 1s taken from analysis described i1n Section 7. Where
the test temperature 1s higher than the predicted, less flow than average
has passed through this section of the heat exchanger, where the test
temperature 1s lower than i1s estimated more flow has passed through that
section of the heat exchanger The difference between the test and esti-
mated temperature cistribations indicates that the flow through the center

f f .
Ce e IUIL U LY TR A L LALHIQIINE] 1D ,etd Lilah gl e iner Sioe

In addition to the extended heat transfer tests further tests were
performed on the 2-1n hecat exchanger core to obtain a more accurate evalu-
ation of flow distribution and pressure drop. The overall test setup used
for these extended tests 1s shown i1n Figure 64. Much of this extended
testing to examine the flow distribution in the exchanger was conducted
at isothermal conditions. A very large number of static pressure taps
were added to the heat exchanger core to obtain both overall flow distri-
bution and flow distribution within the pure counterflow section. Figure
64 1llustrates the large number of taps used. It i1s the flow distribu-
tion within the pure counterflow section that i1s of greatest interest and
over a fairly wide series of flows 1L was determined that at isothermal con-
ditions the ratio of maximum to minimum flow rate on the cold side of the
heat exchanger was approximately 1.25  The ratio of the maximum to minimum
flow tate on the hot stde was appiroximately 1.45. At all of the isothemal
conditions examined a piediction was mode of the overall hecat exchanger
pressume drop and th s value was comp 1ed with test data The deviation
betireen test and picdicted values varies slightly with flow rate but at the
cquivalent 11ov rate to the design conditions (equal Reynolds numbers)
the tost pressure drop on the cold ¢ide of the heat exchanger s 52 per-
cent greater thon the predicted value The hot side variation fro test
1s 63 paraont qreater thaw the predicted. Thrs large difference between
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Figure 64.
Test Setup
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test and predicted values may be attiibuted almost entirely to non-uniform
fiow distribution. It 1s, therefore, necessary to evaluate the differences
between the test and predicted values under heat transfer conditions to
obtain any accurate evaluation of the design performance. As pointed out
In previous reports the use of non-equal triangular shaped ends for this
recuperator 1s desirable to obtain uniform flow dist#ibution. The inequality
in the ends compensates for the largc density difference between the hot
and the celd ends of the core and, therefore, when isothermal tests are run
the unequal ends tend to increase the non-uniformity of flow rather than to
decrease 1t. A careful examination was made of all pressure drop data ob-
tained duritng heat transfer tests and 1t was determined that the deviation
between predicted and test values was much lower under these conditions
thus confirming the improved flow disiribution. Throughout the heat trans-
fer tests conducled the hot side inlet temperature was maintained al approx-
fimately- 600°F while the cold side inlet temperature was maintained at
approximately 80°F. Under these conditions the cold side pressure drop
exceeded the predicted pressure drop by only 20 percent while the hot side
test pressure drop exceeded the value by 35 percent As the ratio of inlet
to6 outlet densities during these tests i1s almost tdenttical to the density
ratio which occurs at the design conditions i1t may be anticipated that the
predicted heat exchanger pressure drops will increase by these valucs
While' every attempt was made in the design to balance the pressure drops

in the triangular end sections to obtain uniform flow the practical limi-
tations 1n the construction of the heat exchanger has not quite met the
theoretical requirements and therefore some small amount of non-uniformity
in flow distribution still exists, causing this increase in pressure loss.

-~

SUMMARY OF FLOW DISTRIBUTION TESTS

The design of the unequal triangular ends achieved 1ts main objective,
obtainment of the required heat transfer. As stated in Section 7 the use
of the unequal triangular ends resulted 1n a pressure loss increase from
2.0 percent to 2 6 percent. With the data obtained from the flow distri-
bution tests the overall pressure drop for the flightweight recuperator at
design conditions would be estimted to be 3.13 percent. This overall esti-
mate of pressure loss, as with all pieviously discussed values includes a
0.63 pcrcent loss for the manifolds. Owing to the careful aerodynamic design
of the manifolds and from the test data obtained on the manifold tests it
appcars that this allowance for manifold losses 1s slightly generous. It s,
theiefore, concluded that f the flov distribution heat exchanger core con-
fiqguration 1s extended to the flighti'eight recuperator design, overall
pressuie loss for this flightweight recuperator at flight conditions would
be approximately 2 9 percent. The majority of the difference betueen the
oiri1ginal design goal of 2.0 peicent and this 2.9 percent 1s due to deliber-
ate design changes and not to a failure of the test results meeting the

predicted.
th

Since 1t was realized that thi, increasc in pressure loss may be unac-
ceptable to NASA fuither consideration was given to methods of reducing total
prescure diep These methods of reduring pressure diop together with the

finally «elected heat enchanger confiquration are discussed further in
Section 6.
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SECTION 10

MECHANICAL DESIGN

CONFIGURAT1ON CHANGES

Throughout the fcregoing sections of this report various aspects of the
heat exchanger mechanical design have been referred to in their relationship
to the specific problem under discussion The originally selected heat
exchanger resulting from the parametric design study was a pure counterflow
plate fin unit. At the time of this selection, the heat exchanger design
tncorpotated O 005 in. thick Hastelloy tube sheets, hollow stainless steel
hcader bars, all nickel fins tn the counterflow core and erther five fins
per 1n or no fins at all in the triangular end sections. Through the
detailed design investigations all of these parameters have changed. Detailed
investigation of the axial conduction problem resulted in the replacement of
the nickei fins with stainless steel. Manufacturing design investigations
further revealed that the use of hollow stainless steel bars would both,
increase the cost of the recuperator considerably and also reduce its struc-
tura! integrity. Therefore, solid bars have been used for the final design.

Perhaps the major mechanical design change between the originally
selected core and the unit which to be fabricated i1s the change from 0.005 in
thick Hastelloy tube sheets to 0.008 in thick stainless steel tube sheets.
The original selection of Hastelloy "C" was discussed in some detail In
Section 5. However, when NASA reviewed the effects of changing from Hastelloy
to steel, they deCIded to accept the weight penalty in favor of the develop-
LIS N S Y ‘\-Vu\—\-tull l\JUlhlll\{ I Lo 4} kl"— UoL U' LII\— kll\-u}l\-l J\-Oll I\- ] JL\.\I
material. As greater experience exists with the use of stainless steel, re-
liability is improved by the use of this material. At the time of this deci-
sion, the stainless steel plate thickness under consideration was 0.006 in,
Information obtatned from manufacturing studies in another program for the de-
velopment of a pure counterflow plate fin heat exchanger indicated that diffi-
culties ate encountered in brazing a recuperator if thin tube sheets and low
numbers of {ins per in. are used in the trrangular end sections. Structural
and pressure considerations determine that at least 5 fins per in. should be
used on both sides of the triangular end sections, but manufacturing considera-
tions indicated that this was insufficient to produce a reliable leak tight
unit. In the above referenced parallel development program, attempts were
made to braze cores using 5 fins per in. in the end sections with 0.006 in,
tube sheetls. Where this combination vias used the tube sheets were, in many
cases, drawn i1nto the spaces between the fins thus forming a wavy edge to the
plate vhich did not result 1n the satisfactory braze joint between the tube
sheet and the header bar in the adjacent passage. Continuing development in-
dicated that the minimum combination to ensure satisfactory brazing was 0.008
in. thick tube sheets and no less than 10 fins per 1n. on both sides of the
trianqular end sections. This configuration was, therefore, adopted for the
final unit de<ign.

STRESS ANALYSIS OF RCCUPERATOR STRUCTURE

In order to ensure that satisfactory structural integrity would be
montarnced in the final design unit attention was ditected to two areas of
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stress analysis. These two areas of analysis are pressure stresses, partic-
ularly n the manifolds, and thermal stresses.

Pressure Stresses

The first stage tn the pressure stress analysis.considered the original
manifold designs to determine 1f the shapes selected for aercdynamic purposes
were adequate structura: designs. As a result of this stress analysts
several changes were made to the original manifold configurations. Aero-
dynamicaily the outlet manifolds play little part in the determination of
flow distribution. Therefore, the original box shape outlet manifolds were
changed to tncorporate semicircular rather than rectangular cioss sections
The required aerodynamic configuiation for the inlet manifolds coupled with
therr aspect ratios precluded the implementation of circular elements.
Analysis showed that eliptical cross sections would require approximately the
same external stiffening as a rectangular cross section; therefore, the
optimum acrodynamic box shapes were retained. Figure 55 showed the full size
actual nanitolds, constructed for the flow distribution test. The outlet
man'folds shown in this figure have the semicircular cross section described.
The low pressure inlet manifold shown 1n this figure has the structural
stiffening required for pressure containment while maintaining the aero-
dynamically i1deal box confiquration.

To complete the pressure stress analvsis the plate fin structure was
checked for stresses due to Interna) pressuie at operating temperatures.
These computed stresses were found to have a safety factor in excess of 5.0

hacad timmm tha 1IN AN ke rbunrn w b em e i a &% el ot [ '
y 2 - - - M v = e e S e L R AR L NNy ]

materiat al maximum normal operating temperatures. The heat exchdnger core
structure was also checked for an external pressure condition of 14.7 psia
at toom temperature and with the appropriate design internal pressures and
was found to be satisfactory.

Recupclatol _Thermal Stresses

The nonlincaritv 1n temperature profile from the hot end to the cold end
of the heat exchanger produces thermal stresses in the plate fin structure.
In particular, each triangular section at the end of the pure counterflow
core s at a nearly uniform temperaturc, whereas, the counterflow core is
exporea to o binear temperature rise firom cold to hot end., Any structure
1s freec From thermal stresses only if the free thermal expansion of every
point in the structutce can be written as a linear first order function of
1ts cartesian coordinates. Any disparity from thts condition leads to a
state of nternal thermal stress,

Thioughout the stiess analysis conducted on this Biayton cycle recuper-
ator cortain assumplions werc mairntained and those assumptions are listed on
the followino page.
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a. The temperature differences between fluids and netal do not cause
significant stresses in the plates, or equivalently, there 1s no
temperature variation in the stack height direction.

b. The fins do not have an appreciable effect on the plates as far as
thermal stresses are concerned,

c. The counterflow core has linear tempcrature gradient along the flow
length and no appreciable temperature gradient in the width,

The initial analysis of the two dimensional thermal stress problem
involved the solution of a stress function that satisfied the bi-harmonic
platé differential equation with free boundary conditions along the plate
edges. This type of problem 1s frequently encountered by AiResearch in the
manufacture of plate fin heat exchangers and consequently a computer program
wittten 1n Fortran for a high speed digital computer was used to solve this
problem

‘ Initially thermal stresses were calculated for the most extreme temper-
ature condition of 926°R at the cold end and 685°R at the hot end, which
constitutes a temperature differential i1n the metal of 759°R. A |im:ted
amount of heat exchanger matrix restraint was also assumed. This 1s consider=-
ably more severe than the actual worst case. The resulting maximum equiva-
lent stress of 34,800 psi: occurs at the cold end of the unit. This stress
slightly exceeds the local yield strength, which will produce a small amount
of local vieldina on the first cvcle with nn adverse effartc an tho Fat.inun
YTl LT e e e diuieuLeu LU B3I EDS Ul Js,0VV P> when compared
to @ yield strength of 30,000 psi will not jeopardize the cycle }ife expect-
ancy of the heat exchanger. The recuperator thermal stress cycle with this
peak stress valve s shown 1n Figure 65. With ductile materials such as
stainless steel., a total stress range equal to the yield strength will
produce yielding on the first cycle only. Upon returning the unit to uniform
temperature a residual stress will remain 1n the local yielding region that
will be equal to the difference betwecn the indicated stress and the local
yield strength. During subsequent cycles of usage, the residual stress will
first be relieved, and the part will be exposed only to the yield stress
without Turther plastic flow of metal, as i1llustrated 1n Figure 65. No
physical damage will occur to the recuperator during the 0-1-2 portion of
the first cycle or during any subsequent cycle. Brazed joints, though not
as ductile, have a higher yield strength than the parent material. In all
cases of destructive testing on stainless steel heat exchangers where good
brazing has becen obtained, failurc occurs with the parent metal not at the
brazed joint,

The stress analysis was continued with use of a more accurate metal
temperoture prediction In this continued analysis an available AiResearch
computer program "Hatrix Metal Temperature' was used to determine the temper-
ature distributiron throughout the unii. This temperature distribution s

showns an Faimnre 06, Assuming that constant flurd temperatures exist in the
tirangular end sectrons the mctal temperatures of the recuperators change
R . 66-0207
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DURING THE IST CYCLE, THE PATH FOLLOWED WILL BE O - | - 2, ON ALL
SUBSEQUENT CYCLES THE STRESS-SIRAIN PATH WILL BE 2 - 3 -~ 2, AND THE
HEAT EXCHANGER WILL BE WELL WITHIN THE ENDURANCE STRENGTH OF THE

COMPONENT. .
(f + y) = YIELD STRESS _
¢, = STRAIN THAT CORRESPONDS TO INDICATED THERMAL STRESS, 0
0, = RESIDUAL STRESS = INDICATED STRESS - (f + y),

INDICATED
STRESS = 34,800 PSI

(f +y), = 30,000 PSI , - S

— e e e e ol)) Cem o S —
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STRESS
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RESIDUAL STRESS '
AT UNIFORM TEMP.  ememesg STRAIN
———e T, l 3
R-18422
Figuie 65 Recupcrator Therma!l Stress Cycle
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from approximately 1055°F at the hot end to approximately 367°F at the cold
end. The temperature gradients differ from pornt to point along the flow
length. Depending upon the degree of recuperator restraint, the maximum
thermal stresses resulting from this temperature distribution may be as low
as 1/4 of the yield strength for no constraints or go beyond rupture point
for compietely fixed constraints. -~

From the above described temperature distribution, the two dimension
thermal stress computer program was used to determine the stresses. The

maximum stresses and their locations are illustrated in Figure 66 and are
summarized below.

Yield Rupture

Stress
Hot Cold Stress Stress Max Tens;:e Stress, Max Compr r
End End at Maf at Max P
Temp, Temp, Temp, Temp, No Fixed No Fixed
o o psi psi Constraint Constraint Constraint Constraint
1055 367 46,000 60,000 +17,300 +84 ,000 16,900 -211,000

As indicated by the above, where no constraints are encountered, the
thermal stress 1s only 1/4 of the yield strength and, therefore, will cause
no damage to the heat exchanger. This case is closely resembled by a heat
exchanger with good expansion joints between the heat exchanger and the duct-
ing. In the case of absolutely fixed constraints, the thermal stress is

-1 1 v . - ab - a

. - s “ v e U e e wnt o s e uu;o;..uu.oy 71 acu ConBLIa 1L WEHET ot
exi1st, in a heat exchanger with a large temperature gradient, plate buckling
and splitting between fin and plate could occur If allowances are not made
for thermal expansion. It 1s, therefore, recommended that no completely
rigid method of mounting be used for this recuperator. Should a limited
amount of restraint.be used the stress will fall between the fixed and no
constraint cases. This is 1llustiated by the values calculated in the above
described preliminary stress analysis.

1
Summat izing the result of the stress analysis indicate that satisfactory
structural integrity may be maintained throughout the recuperdtor providing
that no fixed method of mounting is usecd.

SUPPORT BRACKET DESIGN AND ANALYSIS

This task required that the environmental loads specification be inter-
preted in relation to the method of mountung.the recuperator, the locat;on ’
of the mount points and the loading intcraction with other components t;rougw
the interconnecting ducts. Hence, a careful review was made of the loa |
specification to determine the load levels that should be used Fo design L:c
braclets. The bracket locations were spectfied by NASA Lewrs, and the f:r,g
phase ot the analysis was the determination of bracket reaction loads at the
mount pornts. Next the sizing of the brackets was carried ouL,J and th;<u
requited natching the already existing recupcrator structural r??;gn a b:e
specified mount locations with respeet to load intensity and load distr |
ution. A final task that vas carried out was the determination of allowvalle
ductl louds as appliea to the recupcrator by the interconnccting pipes

~ 66-0207
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Data was not provided regarding magnhitudes and direction vectors of these
externally applied forces and moments. This work was accomplished by
computing the maximum permissible forces and moments that could be safely
applied to the recuperator at the duct flange points without jeopardizing
the ducts, support brackets ot any critical part of the recuperator.

Environmental Input Loads

The environmental specification for the Solar Brayton Cycle Space Power
System was used to determ.ne applied loadings at the mount points of the
recuperator. 1In teality the specified inputs related to a particular loca-
tion 1n the launch vehicle, and these inputs will be greatly altered by
transmission from the vehicle structure through the supporting truss structure
and into the recuperator. The size, method of mounting and location of the
other components 1n the power system will heavily influence the response
characteristics of the entire power system as well as the recuperator. It
will therefore be eventually necessary to conduct a similar analysis on the
whole Solar Brayton Cycle Power System to determine the structural perform-
ance of the individual components and the system taken as a whole. The
design and analysis approach that was employed on the recuperator bracketry
has led to a realistic bracket design, and one i1n which the bracket strength
1s well matched to the overall structural strength of the recuperator. The
systems work that must yet be carried out should lead to a supporting truss
structure and possibly to a primary i1solation mounting concept of the entire
truss that will not amplify the vehicle applied loads.

Ui e v ruus :pcx.ln-ncu uaus, Le enviionentadl conut Ltions aue to
manufacture, storage and transportation do not influence the bracket design.
The launch, lift-off and boost forces produce the major loads on the recuper-
ator and therefore the brackets. A rigid load transmission from the vehicle
structure to the recuperator mount points was assumed to be the most logical
starting point 1n the design. The following text was taken directly from
the Environmental Specification No. P0055-1 (Revision A - June 19, 1964),
which was supplicd as part of Modification 5 to Contract No. NAS3-2793
(the paragraph numbers shown below are those written in the specification).

2.2 Launch, Lift=-0ff, Boost

The nonoperating system and components shall be capable of with-
standing without performance impairment the following simul taneous
launch loads applied at the system mounting points and 1n the
directories and magnitudes spccified:

2.2.1 Shock

35 g shock along eacn of thice mutually perpendicular axes within
one of the following wave shape and pulse times -

Miangular pulse of 10 miilisecond,. Half sine pulse of &

milliscconds., Rectangulay pulse of 5 milliscconds. )

I

i
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2.2.2 Vibration

Sinusoidal input applied at the system mounting points alona each of

three mutually perpendicular axes

16 - 100 cps at 6 g peak =~
100 - 180 cps at 0.018 in double amplitude
180 - 2000 cps at 19,0 g peak

tie 2,2.3 Acceleration

The nonoperating system and/or each of i1ts components shall be
capable of withstanding each of the following combinations of
longitudinal and lateral accelerations for five minutes duration
each.

2.2.3.1 Max Q - 2 g's longitudinal and 0.25 g's lateral

. 2.,2.3.2 Max boost acceleration - 4.6 g's longitudinal and no lateral
b acceleration. The longitudinal accelerations are positive along
i the vehicle 1ift off axis. No negative longitudinal acceleration
' will be expertenced during the launching phase.

2.2,3.3 4.5 g - all directions in plane normal to lift off axis.

ihe errects ot acoustic noise will not be consequential because the
recuperator will be an interior component that will be isolated from the
acoustic effects by the surrounding vehicle shell structure. The orbital
operation will also produce shock, vibration and acceleration loads, but
these are very small compared to launch, 1 ift-off and boost effects, and

they do not influence the structural design of the recuperator or its support

brackets.

Environmental Applicd Recuperator Loads

The possibility of hard mounting the recuperator to the supporting truss

structute was constdered {irst., The calculations of loads applied to the
recuperator, and the structural analysis of the bracket mounts are shown in
ain appendin to thrs repott entitled "Stress Analysis of Recuperator Mounting
andi System Intcgretion of Solar Brayton Cycle Space Power System." Since

amplification factors due to vibratory inputs are generally as high as 10 to |

aL jesonance and frequently 20 to | or higher, the minirum reasonable design
16ading would be 10 x 6 g's = 60 g's (provided the fundamental resonant

frequency does not exceed 100 cps. Adding to this the ditect transmission of
35 g's shoch and approximately 5 g's acceleration, the total g load on a narc

mdunted unit would he 100 g's. Then further assuming that only two of the
support brackets would carry load under lateral Joading (this requircment s
a dytect result of the nced for providing for free thermal expansion of the
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recuperator), the load app!ied to each bracket would exceed 25,000 lb. This
would be combined with longitudinal loads 1n excess of 15,000 Ib. These
lJocalized loads exceed the structural capability of the recuperator plate-fin
structure in the region of the specified bracket locations. Even 1f the
brachets were located in the most favorable mount posttions, i1t would present
a very serious design problem. In summary the desigm difficulty arises due
to a combination of effects related to the structural limitations of this
type of component and the extremely severe environmental loads.

It was concluded that an i1solation mounting system would be mandatory
to preseive the structural integrity of the recuperator, and that this could
reduce loads at the recuperator braclets to tolerable values. Acutally the
entire system will require soft mounting because other components in the
system such as the turboalternator are much more sensitive to shock and
vibration inputs than the recuperator. The soundest design concept would be
to 1solation mount the entire system rather than providing individual i1solation
mounting of system components. This would eliminate the potential problem of
large relative displacements between components,

The i1solation mounts will have to be designed to acconmodate loads and
displacements due to both shock and vibratory inputs. Isolation i1s obtained
by des:gning the resonant frequency of the mounted system to fall in the low
input portion of the frequency-load specification. For the purposes of
vibration i1nput, a natural frequency of 70 cps or less would be acceptable.
The 70 cps 1s sufficrently well removed from the increased inputs above
100 cps to keep the maximum applied loads on the recuperator w~ithin the 6 q
tiiu D :UL\,II—I\,U I‘()l 1T QUFNC RS JiIn T 1HIHRY ~ARne The rl-xaa-l l—:-s.-l P R - LR §
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out in the specification will require mounting system frequencies less than

30 cps to obtain some degree of i1solation from the shock loads. Progressively
greater shock i1solation 1s attained when the resonant frequency of the
mounting i1s lowered, but this necessitates that provistons be made to accommo-
date thc large relative displacements between the mounting structure and the
system components. It was determined that a system mounting frequency of

10 cps would satisf{y the various problem sources cited above, and that dis-
placement requirements would not exceed 2 inches. It was assumed that the
specification cut-off point of 16 cps was not entirely realistic, and that

1t would be more reasonable to consider the vibratory input level of 6 g's

to apply to the 10 cps frequency. For the soft mounting concept to be
effective, 1t must also provide adequatle damping to prevent excessive ampli-
fication at the icsonant frequency. A damping coefficient equal to 20 percent
of critical damping was assumed which would limit the amplification factor

at resonance to 2.5 to I. The shock i1solation factor was also determined to
be 0 3 for the thiee different shock pulse wave forms delineated in the
spectfication. Hence the total load factor for combined vibration, shock and
accelcration 1s

Vibration 6 gx25-= 15 g
Shock 35 a4 x 0.3 = 10 5 ¢
4 5gxt.0= 4.54

30 g

T~ 66-0207
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A 30 g load vector in the vehicle longitudinal axis will be combined with a {
30 g loac vector in the laHeral direction to establish the maximum loading
on each of the four support brackets.

Support Bracket Recactions -~

- t
Loads due to unit | g vectors at the four brackets were computed for the
longitudinal vehicle axis and for each of two orthogonal transverse axes.
The nomenclature for these three axes as related to the recuperator orienta-

tion in the launch vehicie is shown below: ‘
Recuperator width axis x; {transverse) !
Recuperator depth (no flow) xz (transverse) = !

Flow axis (vehicle longitudinal) X3
The four bracket stations have been denoted as brackets S, S,, Ssz and §;. |

The recupcrator duct locations, reference coordinate axes and the support
bracket locations are depicted on Figure 67. The supports provide full
restraint for applied loads and thermal frcedom of expansion by utilizing the
following design approach:

Bracket §; Slotted hole in the x, direction. This bracket provides
support for longitudinal forces and for the x, traverse

DV

§ v —y

Bracket S, Full restraint in all directions. This becomes the
reference point for all thermal expansions.

- —————

Bracket Sy An oversize hole. The bracket supports vertical loads,
but 1t provides full thermal growth freedom in the x;
and xp axes, ) ;

Bracket S, Slotted hole 1n the x, direction. This bracket provides
support for longitudinal vehicle forces and for loads in =
the x| transverse axis.

A tabulation of vector load diagrams on each of the four brackets due to
combined longitudinal (xs axis) with each of thc two transverse axes s
shown 1n Table 7.

Brachet Stiess Analysis '

The detarlcd stress analysis and design approach s shown in Appendi» E,
The desran problem was prinmarily one of determining bracket height, width and
pernissible overhang dimensions that would keep the load intensity on the
tecupcerator plate tin structure within sate limits. The limiting loadinyg
on the fins vas determined to be 250 psi compressive crushing force to

66-0207
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Figure 6/. Duct and Support Locations on Recuperator
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TABLE 7

LOAD RESULTANTS

1 support | ° CASE | CASE 2
Statlion | 30g LONG. + 30g IN X, AXIS | 30g LONG. + 30g IN X, AXIS
X X2 Xs xz
5
F,=218 LB Fo=9070