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PARAMETRIC DESIGH STUDY
RECUPERATOR DEVELOPMEXT PROGRAM
SOLAR BRAYTON CVCLE SVYSTEM

- The purpose of this report is to present the results of a parametric
design study for the developmant, of a recups-ator to be utilized in & closed
Brayton cycle space power system which will use solar energy as 2 hest source’
and argon as .a working fluid. This report concludes the work completed by the
AiResearch Manufacturing Division of The Sarrert Corporation during the first
three months of National Aeronautics and Space Adminiscration Contract
NAS 3-2793.

The parametric design study was caaductad to provide sufficient data so
that optimum recuperator dperating cosditic~s mav be selected for ths Brayton
cyclte. The study covered a recuperardr affecztiveness range from 0.75 to 0.95
and a range of AP/P of 1/2 to 4 parcent for both ton and cold flows. The
analysis has amployed the specified Brayton cycle boundary conditions and gas
flow. shown below.

Tempe -ature, °R ressufe psi
Cold Infet 801 3.8
Hot Inlet : 1560 U673

Gas Flow Rate ~{each 9?&3}13- 36,69 In/win  Argon,

Feur types of beat exchangers were exgrined. These are, plate fin
aultipass cross-counterflow, plate Tia pure counterflow. tubuiar rolcipass
cross-caounterfiow,, and tubulal pure counterflow. For each type an AiRessarch
IBM computer program was used to obtain a serifes of de¥igns over a wide range
of problem conditions. For each type of heai exchanger, curves have been
prepared to shaw the change ir heat excharger waighr a~d direasions for
varying effecriveness and pressure drops. Tre plops include results for the
heat exchanger cores only and for the manifoleed and packaged tores. Isomettic
drawings of representative manifolded and packaged cores are also incliuded

AXTAL CONDUCTION IN COUNTERFLOW HEAT EXCrANGERS

The problem of determining the performance of & pure counterflow heat
exchangaer with haat conduction in the directicn of flow was discussed in
AiResearch Report L-3895 {Reference !,. Furt~er consideration bas been given
to this problem. Ths methed of determining the effect of axial conduction in
a counterflow heat exchanger presented.in Apcendix D of the above referenced

. report hés‘been regvaluated and the following revision ~ade-

12

P ’ L-9372
£ 4 AIRTSEARCH MANUFACTURING DIGSION
w & ¢ - gceh?;—.a?s.cm?n{g Page 1



http:presenued.in

T{, T2 tempenafure of 'hot,
cald fluid

Ty wall temperature of sur-
face separating hot and
. cold fluids

specific heat of hot,
cald fluid

film heat transfer
. coefficient on hot, cold
side,

Flow rate of hot, cold
fluid :

L heat exchanger tength

X= =L
A metal area available for

heat conducgign in
direction of flow
* 14

Y heat transtfer conductance
on hot, cold side

reral théarmal conduc~
civity

The conditions of steady state, co-sta~t soecific heats and codstant Film
eat transfer coefficients were-assurad. Als2, the therwal resistance of the
ietal surfage separating the hot and cold fl.ids was zssured to be negligible
-ompared to.fhat of the fluid films. In olthar words Fa o "1he problem thus
ecores one-dimensional. ) i 3y -

L H

For @ differential length &x of the bzat exchanger, energy balance
iquations may Be written for the hot a~d toic fluids a~d for the surface
;eparating them- By allowing Dx —= 0 one cdtains the differential equations

f terperature distributions,

d
A{TI = T\\f) = .._Tl

ax
B(TW - Tz) = dTZ

dx
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8y.introducing o= Lhe gbsve equations are changed into four first order
differential - equations. That s, in marrix notation
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Seeking solutions of the form
’ . X
{T} 155 e
Teads to the characteristic equation
e &.F ps -~ {A ~ 8).u2.- {(AB + D + €} ¢~ AD - BC ] = 0

If par &; and u, are the pon-zero, real and distrinct roots of the expression

in brackets shove, then the solution o™ the differential equations is

)
_f 1 we* ey 3% by
gl el e T e T
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A
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where {KJ} = A\, ) B {
i i
- B.rui
. [
\. .

The coefficients .. are deterninad from the equatioas which result from
the substitution of the‘boundary conditions into the solution above. Hahnemann
{Reference 2} carried this througn a~d thea proceeded ro find-an explicit
expression for the heat exchanger te-persture effectiveness. His results are -
rather lengthy and therefp}e;wili not be repeeted here. However, it must be
pointed cut that when the charactaristic equation has rultiple roots the -
solution above must be modified accorcing to well established rules. Multiple
roots occur for instance when A _ € or when A = B and € = D.

=8 D

The heat exchanger temperature eifectiveness was found for the case when-
A =B and C =D, that is, when ¥, Cpi = W, sz = HCP and . bA}, = :hA;z. LIt s

(NG =+ 1}
E:!--(——m-——.
(t + ¥ -~
kAm‘
where Cm =1y
. P
p
‘?_‘_l__ ¢+ITJ-!1
C2p ['-P b -p
P = l+~—l—
T4 NE
m
ﬁ_coshmp-!
_sif_nh‘?.Np

If thermal conductivity is nezligible, the above equation for gffective-
ness reduces to the familiar equation - ' '

Es T -7%x
7l
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When Cm‘——ﬁ- wo, the effectiveness equation becomes

- . |
é’m E ; cosh 2N - ° 1
m - sinh 28

And when N —# <, the effectiveness equaticn is in the limit

. Cm
timE=1 - S =1

H—» = m -

If in the ahove equations N — == and C
. v ?
‘The affectiveness equation discussed above was verified by comparison

With results obtained by G. D. 2ahnke and C. P. Howard ’Reference 3;. Bzhnke
and Howard used @ numerical finite-difference method to calcuiate the
effectiveness of a perindic flzox [rotary type l:28t exchanger when heat
.conductton in the direction of “low is allowed for. Their case of "infinite
rotar speed” is eqULvalent to a2 direct transfer type counferflow heat exchanger.

o~ w, L —= /2 as expected.

BASIC DATA FOR AXIAL FLOH OUTSIZE TUBE BLWDLES

A Titerature search~was cc~ducted to obtain either analytigal or

erpjrical data on the fluid friction and beat transfer characteristics of gas
flow paral]e!.tO, and outsrde of, plain tube bundles. HMost of the pertinent
papef’s that were found dealt with the proalem of cooling fuel rod bupdles in
nuclear reactors. As a consequa~ze the test rodels that were used in gatbersng
the experimental data presentec ia rhess papers had relatively low tube spacing
to, diarceter ratios and also ®ow length to diameter ratios-  All of the avail-
able experipental data falls in tfe turculent flow region. Only a theoretical
friction factgor expression has ceen obtaired for flows in the laminar region.

Figure | gives & summary cf these data. Curves [l} are from Kays %nd
‘London {Reference 4) and they are for wases flowing inside of plain round
tubes when the wall temperature !s constant. Except for curves {I,, all other
curves and data points are for {iows ocutside of tube btundles. The data points
iocated within the triangles a~d circles were obtained from tests conducted at
AtResear¢h. The test conditions were discussed in detail in AiResearch Report
L-3895 {Reference I}. It will suffice to mention here that the tubes were
arranged in a triangular bundle utilizing an-equilateral tube spacing- Curve
{2} was calculated from Sparrow's {Reference 5) analytically derived curves and
it seems to be in Fairly good ajreement with the plotted AiResearch data near
the transition region,

Curves (3} are Pa}mer‘s ‘Reference &) data for very closelv spaced smoath
tutes, The test fTluid was air. The test lattice consisted of seven rods
spaced in an equilateral cluster within a hexagonel chamber with circumferential
segments of tubing attached to the chamber walls to simulate the adjacent rods
of a large array. . In Reference 7, test data has been correlated for water
flowing parallel to-a bundle of tubes arranged equilaterallv with a center

)] ARESEARCH MANUFACTURING DVESION L-9372
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spacing to diameter ratio of 1.4. This test core also included tube sections
at the ocuter limits of the tubz bundle to simulate a ltarge arrav. The
recommended correfation is

j = 0.0205 ke 0" 10 pp 71207

a . : 4 .. .
far Reynolds numbers from 10 to 1.2 X 10°. The equation is plotted as curve
{7). The aforementioned provision of tube sections to simulate large arrays
was not made in any of the other tests discussed here.

Curves {4) are Kattchae's [Refererce 8) data for 2 symmetrical and circular
ciuster of 19 tubes. Ecgue!l spacing batween all tubes and the channel walls was
maintained by means of helically aoplied spacer wires. The heat transfer date
was obtained with air, the friction date with water. Curve (5) 1s Mackewicz's
{Reference 9} data for a sy-metrical circular sluscter of 19 tubes. The tubes
were equally spaced but uithout recranical spacars. The test fluid was water.
And finally, cuvve (6) is Le Tourneau's (Refergrnce 10} data. The test core
consisted of I'9 rods equilaterally staced to-forr a hexagonal cluster. A
special test section with z hexagonal interior cross section was constructed
to accommodate the core. Water was used as the test Fluid.

a
B

In summary, consideradle a~ou~t of data is available in the turbulent flow
region (Re > 5000} and no satisfectory data-has be=n obtained for the fully
devetoped lamidar flow rezion {Re -I 2000). Howaver, at high effectiveness and
“low pressﬁre drop conditic~s tne pura counterfliow tubular heat exchanger s
certainly an attractive passibility. Therefore, laninar flow is of greater,
interast and AfResearch is plarning 2 syall 'scale test program to abtain dats
in the low Reynolds muckar rangs. An outline of this test pregram is included
i Appendix A.

COUNTERFLOW TUBULAR HEAT SACHANSER DESIGM PROSR~AM

Throughout the parag~acric analysis four types of heat transfer matrix
have been considered, pure counterfiow and cross-counterfiow plate and fip heat
exchangers and purecounterfiow and cross«councarflow tubular heat exchargers.
At the time of the proposai AiRessearch was able to analyze and dessign heat
exchangars of three of those types rapidly and ac:urataiy;uti¥izing IsH digital
computer programs. No co-uter program vias available at this time to analyze
pure counterfidw heat ‘excrangers in sufficient detail to permi’t their accurate
design. A program wag therefore written For the IBM 7074 Digital Computer,whichk
would permit the rapid and sccurate evaluation of pure counterfiow tubulad heat
exchangers. This computer program is described briefly below.

Pure counterflow, two fluid heat exchangers are designed by an iteration
procedure. Any fluid combination of liquids and gases cen be utllized. Five
fluid properties for the flulds on both sides are available in the form of
Lagrangiah tabfes. These five fluid properties are specific heat, viscosity,
Prandti number, compressibiiity and density. IFf the Fluid being considered is
a liquid, density is-asti-ated from the table and no use is made of the
compressibility table. IF the fluid is a gas then compressibility may be read
from the table and utblized in an equation to calculate gas density. In this
case no use is made of the density table.’ The Lagrangian tables utitized are

Camenry] AIRESEARCH MANUFACTURING £ v SaN 1-9372
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curves of ‘the particui»r Fluid property versus temperature stored in the
computér in the form of pairs of pdints. Whén utilizing these tables the
computer :nferpolates he tvean the stored values to determine the fluid
properties at the aciuzi teﬁperatures required. In addition to being able
consider bundles of plain round tubes the computear program is capable of
analyzing surfaces with longitudins! Tins on the outside of the tubes and
turbulators inside the rubes. Heat transfer and friction factor dats for

hoth inside and outside the tubz bundie is fed into the machine in the Torm of
Lagrangian tables of Reynalds nu-bar versus Colburn modulus and Reynalds ru~ae
versus Fanning frictice factor. In all designs formulsted by this covputer
program the effact of axial conduction on heat exchanger performance is caica-
fated.. An option is z.ailable in the iaput to this program as to whether o-
not Tt is desired to resize the heat exchanger where the effect of axial
conduction is appreciabie. - )

Problem condition ‘nput paracmeters regquired include flow rate, infet
temperature, Inlet pressure and pressure droo available pon both sides 3f tne
heat exchangsr. It is also nogessary to specify either effectiveness on re
side of the heat excharger or total heat rejaction regquired. Pressura dreps
may be specified either in psi or as a percentage of the-inlet pressares. T-e
fluid properties are evziuvated at bulk averase températures and cas densit’es
are calculated on the 2=sis of the perfect cas law, but 'a, mentioned adose
compressibility factors 12% cem also be utilized. Buik average ten peratura
vas selected as in all cesigns formuiated for sotar Brayton cycle apolicsticor
the flow regime within th2 heat exchanjer is Jamipar. The program desig~s a0
the actual heat transfe~ matriz and the corputer does not forrwlate =znifaldl;
or packaging concepts. AlTlbtwances ars, bosever, made For shock iassas at the
entyance and exit of t~2 tabe purdle and »orentu= pressure losses on both 3
of the heat exchanger are calculated. .

In addition to supaiying tie hear trensfer and pressure drop charscrer ?stics
of any surface being eralwzed im the forw of Lagrangian tooles,other surfece | -
properiy parameters ar fequ:red Tne surtace input iatormation recuired
includes tube diam#*ar, tuoe spccz.g, numser of fins and fin hetght [wharg 7 asg
are gtilized) and 3l! —steriail thicknesses. Haterial densities and ther—gi
conductivities are #iso supplied in order to determine the weight, fin eitec-
tivenegs and axial vencuciion parameters for the heat exchanger design.
Options are avallabla as to the type of overatl heat exchanger configurat!
required. B8asically tte progrem merely sizes the heat exchanger in ter~s o
the number of tubes reguired and the Tength of tubes required. It is, of
course, possible to arrznge this tube bundle into z2lwsst any shape end st:li
have a heat éxchanger with rhe.sg e performance capability. Heat exchancer faze

area may, therefore, be pupressed either In terms of aspect ratioc or in ter"s
of one controlling dir $IOH-

n

&

b
7

Output data frﬁﬂ tHis cmmpater program ig available in two forms. Both aof
these forms clearly’ spaci¥y the problem conditions being examined, that fis;
Flow rates, temperatures apd pressures. In the short form output all the
information that is spe*sfsad‘ ix the surface gegmetry being considered and tre
acfual solution obta¥QEﬂ with this geonetry. This type of output form is shoua
in"Figure 2. The secornd or long form of output thaf is available iz shown in
* Figure 3. This long forw oubtput shows the same information as the shori form
output but has & number of additional gquantities also shown. These additioasl .
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" quantities includé mass velocity, Reynolds number and heat transfar conductance
on both sides of the heat exchanger. In the examples filustrated in Figures 2
‘and I there are two answers given for each surfack considered. Tre first of
these answers is the solution obtained by the program for a heat exchanger
without allowing for axial conduction. The second solution is tre resized heap
exchanger which allows fer ax’al conduction. )

.

The design technigue utilized by the computer program is very stralyg
forward. For any given preb}em condition and specified matrix surface the
program determines 2 minimun number of tubes and tube Jength rec.ired to ~set
“the heat transfer requfre*ents wiinin tne allowable pressura drop Tinirs.e The
program Tirst applies what is known a5 the impossibility eguatic~ to derer~ine
the free-Fidw area for inside tbe tube bundie. This so-called i~possibility
equation is a para—eter which links the heat transfer and pressyrs drop re- -
quirements of one side of- a3 heat excranger into a’single paraszeiz-. The pa-e
- impossibility equation stems from i{s most common use which Is £2 deterrine
whether or not it is possible to build a bheat exchanger to the zi.en coaditions
within & gpecified envelope. Having determined a free-flow prez “aside the tules
oh the tube side of the heat exchanger, the program then calculatzs the lergth
of tubes corresponding to this free-flow area. With this row established tube
bundle, the progra~ next checks whether or not the available pressure drop on
the outside of the tubs bundlz is exceeded. I this allowable pressure drop
is exceeded the progran then sizes 2 new tube bundle based on fraz curside the
tubes corditions, HFaving now deter~ined 2 tube bundle wkich doss not aacsad
the allowable pressure drdp on 2ither side and which utilizes all the available
‘pressure drop on one Side, the program then caleoulares the heat i-ansfer
capabiiities of this tube bundle. IF this estimated value of tra heat rransfer
capabilities is nor sufficiert to mes! the required probien corzitions an adjust-
ment is ~ade to ths free~flow area on the controlling side of trz neatr excranger
and the pressure drop and heat transfer caleulations repested. Tris process™is
repeated watll a satisfactory solution is found which ceets botr tre heat )
trapsfer a~d pressuve drop require~ens. Tra effect of axial eo~duckioh am .
this heat eXchangar design is the~ catculared. The rmethod uril’zed to deveraine
the effect of axial conduction on this heat axchanger is that cezermirad by
AiResearch and described in sore detail earlier.in this raport. A: thz present
time tha —sthod urilized by the pregran is the limited case sclution, that ¥s,
the case that requires the capac.ty -ates and heat transfer ¢orcucrances +o be
the sarz on both s¥dss of the rear excharger. As the capacity rats ratio for
the racaparator'Fsr the solar powered Brayton cycle system is g-2. this is a
valid approximation Tor calculating the effect of axial CC“GQCE'Cﬂ in this
particular application.

" Having dererni«ed the effectd venass of the heat exchanger cssign with the
allowpnce for axial coaductions tre program thea compares this e ectivensgss
with the offecriveness required. It the two values of effective-ass, rhat is,
the required affectiveress and the calculated effectiveness, do rot fall within
one tenth of cne-pe?gant 0f each others the program then dasigns 2 second resg
exchanger. As in the-previous dasign iteraticn, a factor is apolied g the
controlling side free-flow area, a new tube bundle’ size is dererined and its
effecttvennas allawing for axial conductiocn again compared with the required
effectiveness.’ The process is again repreated until a satisfactory solution
ts derermined. ‘All loops {iteration processes) are codanted and if no conver-

t “’\I o s L9372
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gence is found within the specified number of iterations the atte—pt te find
a solution for that particular problem is abandoned. When this occurs a
message informing the program's user of this failure to cosverge is printed
out together with a solution available In the machine at trat tima. The
prdgram then moves on to the next problem condition. With the finally accepted
solution faor any problew conduction, heat exchanger weight, actual di-ansions,
and performance margins {always preseat due to tolefances ar converge"ce) are
estimated and the solutions rade avallable as output dats sneets in either the
short or long form described above. , 3 %

o

3

The abové described cotrputer program was written for the IBM 7074 Digital

Covputer {an AlResearch in-house facility}. ULtilizing this progrz~ 04 this
rachine, 1t is possible to obtain solution for-approxiTately 23 different
matrix surfaces in one minute of operating time. This prosram can. trarefore,
be utilized to determine solutions for a large number of s.rfaces ard large
nuriber of problem conditions with ainimum usade of either e~3ineering or

machine time.

@ ARESEARCH MANUFACTURING DIVISION L-9372
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HEAT TRANSFER MATRIX PARAMETRIC ANALYSIS

The: object of the parametric analysis was to deter~ine the optimum heat
exchanger desfgn for the solar Brayton Cycle recuperator proslem c0ﬂd|t|3 35
specified by NASA. The operating conditions and range of variables to te ex-
avined are shown in the introduction section of this repyrt. - In order to def
nine the optimum heat exchanger design for this entire raz-ge of cpearalting

conditions, AiResearch considered four types of fixed boirdary heat excha-ge
Tne four types of heat exchangers considered were. (ll ¢ross countar-ficw
tu:u]ar, 23 pure counter-flow tubllar, (3} cross counter~flow plate and fin,
.4, pure Cﬂunter-flnw plate and fin. As there is no singie, urique heat
exchanger which fs optimum for satisfying all the speciiiad operating conditivus
for the recuperator. It was necessary to examine eazh cf the four ~atrices being
considered in detail over at least a part of the specified range- £ wvery large
number of ratrtx-gecretrres were analyzed -for each of the four types of heat
excharigers. The dasign and analysis of each type of hest exchanger were con-
ducted by utilizing IBM digital corputer programs writie~ by AlResearyh
specifically to design heat exchangers. Only one rewx co-puter program vas
required in order to examime these ratrices. This new arogram, written
SpEthlcally for this contract, designs pure counterfic. tubuiar beat enclac.,ers.
Each of the fdur types of heat transfer matrix anﬂi*zea is discuyssed indiviganlly

" hkelow. |

.

“ - 2 - "
s§ Cross Gounterdslas Turuiar Heat £tcheqcers

e
rr
Eall

In arder to design cross counterflow tubular heast 2, trange-s for tre uil
-ange of spscified cycle concitions, a very large ru—ser of .neat trarsfer--ztrices
were considered. Matrix varisbies thal were stsidar=g, ~zluaed differant tube,
dfaﬁeters, different tube spacings and both plain anc r'ng dirpisa tubes. Tre
ase of rirg dimpled- tubes increases the heat transfer o~ the ipsider surizce bf
the tubes, but also yieids a substantial increasz2 in r.::iqn fagtor. In s2-e
heat exchanger designs, however, this type of turbulence promotion can oe
bereficial.. Throughout the anslysis, all heat exchangers were ass.~ed L3 0@
fabrrcatea from stainless steel and the tube wall thic'-ess was held.consiarr

t Q.804 ipches.

The initia! survey of this type of heat exchanger consisted of taking the
specified problem condrt:ons and obtaining heat exchanger cores from the IBM

corputer program. Durnng this inftial survey, the total availaole pressure .

drop was utilized In the heat exchanger core. The results obtained fyror these’
computer runs are shown in Figures 4, 5 and 6. Figure & shows how the xeTght

.and basic core dimensions of this typ2 of heat exchanger sary with effectiveness.

Curves are shown for three different pressure drop leceis. The pressure drop
values utilized in Figure 4 vere ‘;F/P1total of { percent. 4 percent ana 8

percent. At each different effectiveness, a different ~i~3er of passes was
utilized. The number of passes assaciated with esch pa-ticular effectiveness

¥ shown on the curve. As the effectiveness is increasad, it beco-es necassary
to irncrease the number.of passes as the effect of no ipterpress mixing fecdhes
more and moré impartant as effectiveness is increased. At the very high
effectiveness (greater than 0.9} even the use of as wany passel as 12 does not
really approach the idealized condition of pure counterflow. Figures 5 and 6
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show the effect on weight and core dimensions of varying percentage pressure
drops for heat exchanger effectivenesses of 0.75 and 0.90 respectively. On
both these figures, curves are shown for —inimum s.eight sojutions and best®
size sofutions. The definition of these two terms —ay best be explained as
follows. The curves for minimum velgnt solutions were cbtained by selecting
the ye;ghts and dimensions obtained from the computer prszraﬂ for the matrix
which gives the lightest weight solutior “or any perticalar probler. The so-
called best size solutions were selected oy pickirg the heat exchanger matrix
which came closest to a conventionai, reciangular tuoe bu~dle. In almost all
cases the best size salution resulted in =z substantially neavier core tham the
minimum velght solution. This is particuiarly trus at high effectiveness and
iow pressyre drop. At this end of the range of ﬂperati‘g conditions examined,
even the so—ca}]en best size solutions st ii result in very Tong no flow lengths.

The type of curve utilized to illustrate the effect of either effective~
ness qr pressure drop on heat e,-:changer core weight and dirensions, is to con-~
nect the actual data points cbtained by straight lires. This particular method™
of ‘presenting the data was selected as ir~ some gases interpolation between the
actual data points, is not strictly perT’ssible. This is particularly true of
the parameter, tube Jength. - If the cursas .ere pr—pared utiTizing the same
matrix geometry throughout, then both zor2 gedx~etry and core h&lght would give
smooth curves for varying effectiveness atd pressu-e drop. Hodever, the save
.matrix gepmetry does not always yiels sit-er mini~i— we¥gnl or best size sol=
utions and smooth curvés are not odtairec. IT it is desiradle to select a
core operating at sowe intermadiate candizlion, the curves shoan in Figuras 4,

5 and 6 give a very good indication of t~s expecte:z Jiwensions ard weight, but
cannok be utilized to determirg exact &i-eisions a~c w8 ghi-
.

The second phase of the study of this particyisr t 1pe of heat transfer
matfix consisted of ex amrnlng the various pas:abl= pachaging rethodsi and re-
evaluating preéssure losseés in the heast eal-angers to accr.nt for tie nacessary
manifolding. For this particular type of reat excranger a2 la-ge nu~der of
packaging concepts are aviTable, some of trem come-tig-al, sore of then fess
conventional and all of them yielding diffsrent effazts or heat exchanger weighi
and performence. €arly investigations i-1> the e®fect 2f —anifolc pressure .
loss, indicated that with 3lmost all of tne pronising corfigurations a pressure
dnop split of approxlnately 85 percett i~ the heat axcha-ger core ard 15 percent
in the manifolds resuited in the most §a_.s.a»tor‘ so!uc;-”. As this recuction
of 15 percent in the pressure drop being zilo.ed fo- Lhe heat exchanger cores
causes only a siight change in dimensions and weight of the cores, na new
designs were made but_the pressure drop "1 the existing cesigns increased.

The designs shown in the following figures have manifolds cesigned to utilize
{5 percent of the ‘core drop and the overall pressure drop in these designs has,
therefore, been Jncreased by 15 parcent o~ @ither side. )

At the Yow efﬁectiveness and reasonadly high prassura drop conditiors, ail
heat exchangers derived utilizing this tyoe of core mstrix. had dimensions close
ta those of typical liquid to liquid tu:;aur heat exchancars. As the corputer
prbgram generates a rectanguiar bundle o~ tuoes,tma;:wplest possibhle packaging
"{s to put this bundle of tubes into a rectangular Sox. Figure 7 iliustrates how

& heat exchanger with an effectivensss of Q. 75 and a totsl pressure drop | AP/P)
of 4 percent could be packaged in this masner. A_dlsadvantage of this type of
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packagidg is the large, flat, uasupported faces that appear on the top and
bottom of the heat exchanger. Trase faces wouid either have to be built from
honeycombed structure or to have supports or stiffeners providedg in order to
contain even the low operating prsssures of the 3rayton Cycle System. The
preferrad configuration for this si-pie type of rectangular tube bundle is

shown Py Figure 8. This configuration is identical to that of a typical liglid
to tiquid heat exchanger. The iz, pressure Fluid flons through the tubes and
the high pressure fluid makes tio passes across the tube bundle. The design
shown in Figure 8 is also for an effectiveness of D.75 and a total préssure drop
of &4 percent. The corg selectad ia this case is of stighcly different jeometry
frorr that used in Figure 7, to cc-farm rore readily to this type of packaging.
It cam be seep from the weights s-i.r on the two Tigures that not only dges
Figure B represent a betrer press.r2 vassel, but it also yields a lighter
weight sofution. As effectivenesss Ircreases so does beat exchanger size and
Figure 9 illustrates how a heat exchanger with aen effectiveness of 0.8 would
appear if packaged in 'the simples: passible ~anrar. Figure W illustrates how

a package of this type way be *~~ﬂged to winimize the ora long dimension. In
this case the tubes are mersly p.t into tna bundies side oy side rather than
end to end, however, as can be sez1 Fram the weights on these two fggures,

the reduction in maxinum lengin is alsa a;:ﬂrpan:ed by a= increase in weight.

In all the four illustrations ce=—"~ed so far, tre paciag vng concepis utilized
have applred primarily to the bes: size soluticrs of Figure &, 5 and 6. In

afl cases there are solutions ava ‘=ale which have substantially lighter weighits.
The problem of packaging these ~'~7tum weig~t sa>lutivns requires a different
technique thaa the very sirple o~e illustrated thus far- The rain packaging
problem arises from the very iar\a ny “lcw ieagths which aTeerpany the tigot,
restr:cttve, transfer surfaces waer vield the ~inimur veight solutions. By
far the most attractive pa»xcg:~” concept far tnis type of heat exhanger core

ts the use of multiple concentr’c rirgs. A typical configuration for a heat
€xchanger utilizing this concept a~2 designed for an effectiveness of .85 apd
s total pressure drop of 2.5 per:e*: is s~c.n in Fiqure !'!. The core weight

for this particuwlar désign was 3%-2 las. white the final urapped up weight as
shown on therflgure} was 9.3 ibs. It is of interest to note that the so-called
“hest- size" core For these opera:’ng canditions rad a core he!gnt of 104 lbs.
This weight is ‘in excess of the toial wrapoad weight of the minimum weigit core.
As effectiveness increases and pressure drop cecreases, the perefits of this
particular type of packaging are ‘rereasea. Ever at the low effectiveness and
bigh pressure drop conditions, the use of a single ring design, generally yields
the most satisfactory solution. Figure 11A shows a typical single ring design.

' This annular concept of packazirg was, therefore, used for all cores of
this type. From the very large ro-ser of héat enchanger cores designed oy the
computer program, -destgns vere saiected for effectiveness of 0.75, 0.80, 0.85
and ©.90 and for nominal pressurs craps of 1.0, £.5,-5.0, 6.0 and 8.0. The
cores selected for .each of these paints were tnen paskaged in the concentric
ring concept discussed above and overali dirensiors and weight calculated.

A chart of 2}l these results was p-epared and is smown in Figure 2. As pointed
out above,’ no redesign of Yhe hea: exchanger cores was made to allow for the’

I5 percent manifold pressure losses. The actual pressure losses in the heat
exchangérs are, therefore, a littie in excess of the noninal values. A table
showing both the nominal and actua! ‘préssure drops for each of the curves shown,
is included on Figure 2. As Tn the previous figures, the actual data points

.
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quoted are connected by a series of strabght iines. Also, a5 befors,
absence of smooth curvas and easy intérpolation is due to the fact trat as
problems conditions change, the optimust matrix geometry also changes. These
curves of Figure 12 do, however, illustrate clearly the effect of soth ef-
fectiveness and tota] pressure drop cn recuper tors designed utilsg;qg the
multipass, £ro0ss counter§ion xunutar heat exchanger design concept.

Multipess Crass-Lountarfiow Plate Fin MHeat Excﬁanqers
As with the multipass tubular heat exchanger solutions,. a very “arge number

of matrix gaoxmetrips wefe considersd Far the full range of probiem ccaditions.
The construction of 21l plate and fin matrices considered in this sszziion of |
the study utilized 0.G24% in. thick, nickle fins _and 0.006 in.thick, stainless
steel plates throughout. The nickie flns are preferred 1o stainless steel be~
cause of the higher tharnal CDﬂﬂUuElV'ty of nickle which greatly berefits the
usefulness o the extended surface. Ffigures 13, 14 and I3 sumnarize represent-
ative resuits obtained froa the corpater program used to design the plate fin
multipass gross~counterflon hest exchangers. The results shown inm zhese f&g«
ures are for the heat transfar watrix only and no allowance has beer -ade.for
‘packaging or manifolding, Also the full avgilable pressure drop is esed within
the core ard, as with the cross~countenfisw tubular soluticns, alic.z-ces have
to be made for manifaiding pressure loss2s. Flgure 13 shows the we o~t and

the three hasic dimensigns 3f the heat transfer matrix plottec aje™-s: effective-
ness for three differest pressure drop levels. As effectivepzss irzrzases, sa
cdoes the mu-cer of passes and the fu-der of passes attually wrilizes at each
effectiveness is sho.nh on the Tigure- Figurés 14 and I3 show the eTect of
changing total pressuyra drop 21 heat ﬁx:nancers with effectivenass 7 O.75 and
0.90 respectivelv.. In al] cases =ith this type of heat transver a2 in, even

at the joness erfec;}ﬁewess and highesy pressura drop, the as-flow cliwension of
the core is very 1arge-n ek c~ﬂpared to the other two dimensidys. Tris very long
no-flow dimension. Intraduces pacxag'ng and manifolding proble~s ard 2sen ip tha
cases of tha sp-called gest size,solutiops, carefel attention must 22 paid 1o

.

packaging ir srder £o abtain, raaSOnabEe overall diténsions.
- *
Utilizing the sivplest forn of packaging. for this type of core, that is,
1&av1ng the po~flow divension as a single lengtb, a core of the type .ilustra\ad
in Figure 16 is evolved. -This type of design is obVicusly uneccepizale from the
flow distridution sterdpdint as the ~anifold lengths are so great t-a: a Iarge
part of the reat trapsfer matrix would be starved of flow. The very, awkward
~appearance 2of this core is considerably erphasized by the ianlets &-2 autlets
shown- The duct diaTeters of 8 in.on the low pressure side and 6 in.on the
high pressure side wire arbitrerily salected and are utilized'on-swast figures
shown in thé parametric study. Thase duct sizes appear compatible wi2h main=
taining the very low pressure drop throughout the system. The partizular heat
exchanger socen in an;re 16 was designed for an effectiveness of ©.5 and a
total pressure drop of & percens. van at these fairly modest operziing con-
ditions and Ltilzzzng the "Sest size" tvps of solution, the overall pachage
dimensions, using,the simplest form of packagtng are not acceptable. At a
stightly higrer pressuge drop level /& perednt! and the same effect’.aness
and utilizing a fdrm of packaging which divides the no-flow length “noo two
equal portions, a somewhat jmproved form of packaging may be obtained as
iliustrated in Figure l6a. For the range of operating conditions for the solar

4
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poviered Brayton cycle recuperator, no plate fin matrix was found which resulted
in a solution which gave both acceptable weight and slaple packaging.

A comparison of Figures l3, bi.and I35 with Figura 12 p!a!nly shows that
over the entire range of operating comditions, 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 aot yield as attractive
packages as the tubular heat exchangers. There is, therefore, no point in
the operating conditions of the solar Brayten cycTe recaperator where a multi-
pass plate and fin heat exchanger -ylelds a2 ootimum solution., szng to this fact,
no further-packsging concepts were preparad and no curves showing overall
dirensions and weight of fully packaged pia:te and fin heat exchangers are
presented. .

Pure Counterflow Tubuiar Heat Exchancers

"‘When the contract to conduct this para—~etric survey was received from
NASA, AiResearch did not have tha computer program to design pure counterfliow
tubuiar heat exchangers. As part of this contract, a program was written and
has been described eartier in this report. Tha main limitation to the use of
this progran and to the design of this type of heat exchanger, is the lack of
reliable heat transfer and friction factor data for flow outside and parallel
to, tube bundles. This teck of data akd the search conducted by AjResearch
into the data that 75 available, has also S2en previosusly discussed in this
report- fn order to determing whether or ast this t,pa of matrix was suitable
for any part of the range of operating conditions being studied, it was necessary
to assume some-pred:ctable operating cond:tidns for the flow outside the tubes.
All preiiminary investigations of this type of matrix, therefore, used'the
Cotpurn Modulus and Fanning Friction facter date for flow inside plain round
tuses. As with the cross-counterflow tibuiar heat exchanger designs, all
stainiess steel construction was used thraughout and a wall thickhess of 0.004
ih.was maintaired. By varying tuoe diz~eztar and tube spacing,. a large nu~bder
of matrix geometries were examined for each probiem condition- The results
obtained Fromr these preliminary computer runs sre shown in Figures 17 and 18,
In this particular type of beat transfer —atrix, there are only tuo overall,
package dimensions. These tvo dimensions are face area {or number of tubes:
and tube leagth. There is no theoretical limitation in the way the face area
is arranged amd throughout the study all corputer results were obtaioed as a
rectangular tube bundle with the face aspect ratio of 1.0. The face dimension’
.shown in Figures 17 and 18 is, therefore, one side of a square face. .Also
shown in Figures {7 and 18 are small tgbles showing both the nominal and actual
pressure drop of each of the curves appearrra cn these figures. The norinal
pressure drops shown represent the actual i-pat-conditions fed into the computer,
while' the actual pressure drops shown represent the total pressure drop utilized
in the final design. The difference betwee~ the noninal and actuai pressure
drop reselis fronw the fact that ofly one side of thase pure counterflow heat
exchangers ut-iTizes the full wvailable pressure drop and the other side utilizes
.only-a fraction of the given |nput. The, program Is sa weitten thst tha side
requiring the mostl pressure drop is af“ays controlling end therefore, the total
pressure drop for any design is ahways less than the néminal.
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Figure 17 presents a surmary of the minimum weight solutions obtained for
the range of operating conditions examined. The range of conditions examined
for this type of heat exchanger, "as limited to effectivenesses greatar than
0.85 and nominal pressure drops of Tess than 6 percent. From the figure it can
be seen that weight increases rapidiy with increasing effectiveness while hoth
face area and tube length increase at a sorevhat slower rate. The influence
of averall pressure drop on heat 2«Changer weight s not great, but its
influence on package dimensions is pronouqced- As pressure drop is decreased,
face area increases gnd tube lergth decreases. In- all the designs utilized to
prepare Figure 17, no allowance is made to either dimensions or weight for
manifalding and packaging. AJ} desiges do, however, consider the effect of
axial conduction. The method of zltowing for the effect of axial conduction im
this type of heat exchanger, has esn previalisly described in this report. It
is of interest to note, that at :-2 low end of the range considered {effective-
ness 0.85, [4P/P} = 3.9 percent. tra effect of axial conduction increases heat

changer size by approw:rately oarcent. At the high =nd of the operating
range {effectiveness 0.95, {AP/F = 0.65 percent) the -ei“ect of axial con-
duct:on on heat exchanger size frcreases to 33 perceat. -

In order to dethrnine vihat effect variations in outside tube character-
istics would have on heat exch*wher perfor—ance some desinns where prepared
as ing h{po*hetfcai vatues for bot~ haat transfer characteristics and friction
factor. The changes selected in thase chara;:er;stics wers pura!; ardiirary
but, were suffphnently large to e~sure that aﬁprec*aole changes in core size
and weignt would occur. The dasizas preseated in Figures 17 and 18 utilized
the Coiburn radulus and Fanning frictioa factor for flow in plain round tebes. -
The arbitrary changes selected .2~ to increasa the fricrion fastor oy 25
percent with a corresponding incraase in Co'lourn modulus of 10 percent and to
decrease the friction factor by 25 parcent witn & decrease in Colburn modulus
of 10 perceat. The affect of thesz arbitrarily selected changes in outside
" the tude bundle characteristics o~ reat suchanger size 7s uleﬂrly shgwn in
Figure 19. At allt effectivenessss Frcm 0.83 to 0.95, the effect on heat ex-
changer weicht is very small wh'le The effsct on heat excranger dimensions is
somewhat greater. The curves sbx n 'in Figure 19 are all for-a-cold pressure
drop .outside tupes) of ! percent. IFf & higrar nominal pressure drep core
is consideredthe changes in heat exchanger weight and size are somewhat tess -
white if a lower pressure drop design is tonsidered the effects are slightly
greater. The main purpose in prsparing Figure 19 was to show, that although
the data available for flow outsc2 and parzilel to tube bundles is very
vague the use of Flow inside pla’n round tubes doed not invalidate a compari- .
son of pure counterflow tubular heat exchangers with pure counterflow and plate-fin
heat exchangers. If, however, it is decided to fabricate a pure counterflow
tubular heat exchanger more sccurzte data would be reguired in order to obtain
an ac:urate determfnatlen of thz divensions required.

As with the ¢ross-counterfios ttbular solution, considerabie attention
must be devoted to the manitoldirs and packsging concepts inh crder to deter-
mine optimum heat exchanger conficiration. As stated above, the corputer pro-
gram generates a tube hundle with @ square face area. While this type of face
area presents a very simple set of core dimensions, it is almast impossible to
introduce the outside flow to the center of the bundle. 1In order to ensure
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- 3atfsféctb?§ parformance of cores of this type it is necessary to be sure that-
the flow on the outside the tubes side of the bundle is actually parallel to
the tubes rather than scross them. It is; therefore, necessary to have one
small dimension in the fedg area waich minimizes the length across the tubes
over which the flow riust pass. By introducing this limitation the other di-
mension of the face ares-consequentiy becomes large and the same packaging
problem coxists a5 existed with the crosg-counterfiow tubular designs. Two
different methods of pac.aging this type of heat exchanger core are illus-
trated in Figures 20 and 21. Figure 20 shows how the one long dimension of
the face area may be divided into sevaral shorter straight lengths. A means
of !gtradunzng both the hot and cold fluids to this type of overall config-
uration is also illustraved in Figure 20. As a direct comparison to the heat
exchanger shown in Figyre 28, Figure 21 illustrates the idemtical core
wrapped up in the sam¢ type of multi-concentric ring design as utilized for
the rross-counterflow tuaslar heat enchangers. Again, Figure 21 illustrates
how the Fluid would be introduced to Doth inside ‘and outside the tube bundie.
The square design of Figure 20 has' the iimitation that it is not 3 good pres-
sure vessel as it possesses a nusber of large Tlat faces. This design could
be utilized by using honeyopnb panels or some form of sttffennng strugture
but is definitely less desirable than the concept shown in Figure 21. In
addition to being a2 better pressure vessel, the multi-concentric ring design
also has 4 slightiy Tignter weighn.

"Having selected the ~.lti~gcorcentric ring packaging concept as most suits
shie for rhis type of ®lo. ronfiguration, heat exchanger designs were gen~
erated covering the dasired range of operating conditions. - As the severity
of the pronlem conditiars Seing considered increases and the heat exchangsar
size increases mare avd ~2-e rings are required. In Figure 22,vhich {1lius~
trates the effect of pressure drop Tevel and effactiveness on heat enchanger
vieight and size, the numder of rings wtilized varies fram 3 to 6. As with the
previous curves prese-~tes rnr heat exchanger core di..ensions and waight, the
small table on Figure 22 s-ows the raminal pressure drops which were used in
the design, together Eixi’thegactua% overall total pressure drops.

Pure Counterflow P.ate Fip Megt Exchbancer

The matrices were assoed to b2 constructed of stainless steel apd to
utilize nickel fins 0.003 iaches thick and plates 0.006 inches thick., The
ratfo of face area heigt to face area width is arbitrary for this type of
heat exchanger and a {a*:a of 1.0 was utilizaed throughout the caiculations.

As a preiiminary step a series of designs was rup off on AiResearch's ISH
7074 computer using the existiag éegrga,program for this type of heat exchanger.
. The results from these runs are plotred in Figures 23, 24 and 25. Figure 24
shows the minimum core neight solutions, and the corresponding core dimension:
as a functionm of effective~ass for several total LB/P ratios.’ The nominal
total AP/P ratlos represen:t the total pressure drops that were given as isput
to the computer program. Tach side of the heat exchanger was allotted one
half of the given total. iP#P. However,” since only one side of the heat ex-
changer used up its allotted pressure drop, the actual total pressure drop
for the designed core was {ess than the given nominal total pressure drop.
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The curves show s.imilar trends as for the previous types of heat exchangers,
that is, a large increase in both core weight and corz face dirénsions occurs at
high effectiveness and low total AP/P ratios.

The effect-of varying AP/P is shown in Figures 24 and 25. The beaf exchanger
paramegefs are plotted against percent pressure drop of the sidaAhich used uwp its
alloted pressure drop, that is, one half of the gives nominal total prassure drov.
From these figures it is seen that the core veight and core fece dirgrsions are
decreased with increasing (APJF)hot or (QP/P}COId as the case —ay be. Gengrally,

at Tow (ﬁPf?}hot ratios the flow_lengths are srall ang the face areas are largs.

This is undesirable from the standpoint of axial best conductio~ ard also reguired
maaifold weights. As a result, before packaging anz —anifolding any of these
designed cores, the heat exchanger design program v.as rodified to inciuda the
effect of axial conguction and the above cores were racalculated. Tne effect of
axial conduction was calculated according to the si—alified eguations presertsd -
in anotrer section of this report.

Two types of ranifolding and packaging concepts rare deveicped for tre
plate-fin pure counterflow heat exchanger. These zre shown in Figures 25 and
27, -Tpe principal difference betwsen the wo .is tr2 .ay the rot and cald
fluids are introduced to and removed from the core. The trarsjtion sectioss ip
Figure 26 are forred by single triangular plate-fin sections while those of
Figure 27 are forwzd from double triangular séctigrs. The eatra~ce arc axit
free flow areas on both sides of both concepts are idsnticel, but weight S3VIrgs
are ohtaired in the double triangular conceot as lass are3 and —2ss is used in
fhe transition. The reductios in surface area of t-2 tramsition sactions in
the Figure 27 concept qver the Figure 26 concept d<ozs not affect tne k23l en-
changer performance as the slight additional heat trz~sfer that occurs’in trese
sections is not considered in the design. In both zesigns the inlet anz outlet
triargular transition sections are of 2 plate-Ffin cz=:ztruction witn low cenzity
fins on the cold or high pressure side only. The c2’znt of tre cackasas rest
excha~ger ‘tendsto be %ess when the fluids aré tntroz.cad in the —an~2r OF
Figure 27 as campared to Figure 26, but the double t~tangular concapt of
Figure 27 yields 2 longar overall length. JThersfors, the co-puter  design
cores for the rest of the problem statement range w2re all paciaged an
folded as showa in Figure 27. , The weights and dimersions of these caclagad
cores are plotted ia Figure 28 against effectiveress. Several curves are
shown each for a different overall total AP/P ratio. These ratios are "actusl
figures and include, besides core pressure drop, the pressure drop duz to the
inlet and outlet ranifolds and transition sections.

ad
a

-

f
- e
ot -

COMPARISON AND SUMMARY OF HEAT EXCHANGER TYPES

. The foregoing discussion bas outlined the corplete investigations
conducted on the four types of heat transfer matrices ceing considered.
Severa! important conclusions have been drasn regar3’-3g each of the types
considered. In all cases it was determined that a pressure drop split of
approximately 85 percent in the core and 15 percent fa the ranifolds resulted
i the most suitable design. Most suitable design —2y be definad as that
design which yielded minimum weight or close to mini~um weight heat -exchanger
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package coupled with reasonable dime-sions. An examination of the heat
transfer Cores orfginally dasigned by the covputer programs eliminated the
multi-pass cross-counterflcu plate {1~ heat exchanger from further consid-
eration. This elimination was possible on the grounds that not only was this
type of core much heavier than the oi-er types considzred, at all operating
conditions, but it was also the most zomplex to package. Maying eliminated”

_ this particular type, careful conside-ation was given to packaging concepts
for sach of the other three types. I~ the-case of both the pure counterflow
and the cross counterfioa tubular matrices muli’pie corcentric ring packaging
was selected as optimum. This tyge of packagisg is iflustrated in Figures 1,
1A and 2).. With the pure counterflc. plate and fin heat exchangers the
choice of manifolding and packaging was mors 1inmited aad the double triangular
transition sections illustrated in Figare 27 were selected as optimum.

In order to obtain the isoretric diagra~s, heat exchanger weight§ andg
dimensions used throughout this repor: at least one layout drawing was made
of each of the-concepts considered for each type of heat exchanger. As
stated previously, there is no sirple,.rique reat exchanger concept or Lype
which is rostgsatisfactory at all corsitions For the range of problen
conditions examined, that is, effect” .sness froo 0.7% ta 0.95 and pressure
drop ratio {QR/P}TUTAL from | percent to 8 percent a very rough guide in the,

selection 'of the optimum cores may te —ade as follows. At the hignest
effectiveness and lowest pressure droo conditicrs pure counterflos tubular
heat exchangers present the lighzest ~.eight solutions. 1f minimum projected
area is more valuable than mipimus wa'ght, pure ccunteri'oy plate-fin cores
may be used, but at a considerable we’znt peraliy. i~ the intdr~adiste range
pure counterfiow plate-fin solutions ield both ~iniru= vieight and minizum
projected area. At the 1éw effective-ess and high pressure drop section of
the range cross-counterfiow tubufar u-its have the Tightest weights, but
arojectad areas may be reduced by the selextinn of pure counterflow plate-fi
mits.

Figures 29 and 30 have beea Ere:sred to cc—nare in detail the three

types of heat exchangers which are Sa’-g considered for use in the Brayton
.cycle system. These twa figures were oreparad Sy carefultly condidering the
jnforration pceseﬂtad in Figures |2, 22 and 28. As the exact pressure drop
,values used in each of these figures do not coiacide.a slight.avount of
interpolatioh was required. The inte-polatiops were based on the very large
mass of data obtained by .AiResearch w~ile forrulating tnese designs. Ia
Figure 29 the heat exchangers are cc~zarsd on the basis of weights and smallest
projected ared that the heat exchanger gresents from any particular side. The
three sets of cutves are for three- different total percent pressure drops.
From these curves another set of cusves, Figure 30, has been prepared which
presents the selected ainimum weight =d mini~u= projected area designs for
the given problem Statement rapge.’ '

In summary, Figure 30 presents t>2 recowre~ded rscuperator designs which
should be considered when making a selection for the Brayton cycle systew
If the NASA selected system conditiors do mot coincide with the actual data
points, the curvés may be intefpolated to obtain approxivate solutions. Since
this process does.not yield an exact solutionm, reevaluation of the heat exchanger
_ parameters should be undertaken to determine final. design details for the
operating condition selected. ) ' ‘
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APPENDIX A

»

SMALL SCALE TEST PROGRAH
RECUPERATOR DEVELOPHMENT PROGRAM
SOLAR BRAYTOH LYCLE SYSTEM

In the original proposal for the recuperator development program,
AlResearch Repdrt L-3325, Rev. 1, Volume !, a small scale test program was
.proposed. .- The purpose of this small scale test program was to obtain data
which would éon?iéh the results of the analytical procedures utillzed to
design the heat exchangers. Particular erphasls was made at the time of
tﬁe'proposa} oh tests Eo evaluate the effects of longitudinal heat con~
ductlion In pure counterflow heat exchangsrs, Also mentioned at this time
‘was the.possibility of running tests to cbtaln data on both nonuniformity o
flow distributlon and basic heat transfer and pressure drop data for flow

outslde and parallel te, tube bundies.
y
As a result of the work so far completed In the recuperator development

program it has become necessary to revise and update the original proposed
small scale test progrza.. The purpose of this report Is, therefore, to
outline the-actual swall scale tests which will be conducted durlng the
second three anths of the study pyagréﬁ. The same three categories of
testing, *that fs, axfal conduction, flow distribution and basic heat trans~-
fer data will still be conductad, however the details of the testing In each’

of these categories has been revised.
AXIAL CONDUCTION

It has been polnted out prevjously that axial conduction can have a
severe detrimental effact on pure counterflow heat exchangers where high
effectiveness Is required: Ar the +ime when the original proposal was
written there was no adequate meaq; Sf‘ajlowing for this effect, avallable.
Two analytica}l methods of tresting this problem had heen derlved at AiResear:
and these were presentad in Appendix D of the above mentloned AlResearch
report. HNo conflrmaticn of these analytical methods was at that time

avallable. It was prc;oéed that some small scale tests'bg conducted to
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verify the results of this anarytical rreatment. The tests proposed were
that a tube in @ tube in a heat exchanger be constructed and run as a high
effectiveness recuperator. The material and material thicknesses of the
tnner tube wall would be varied, thus enabling very substantlal differences

trm axial conduction to be investigated.

"

Since the time of the proposal not only has AiResearch devoted con-
siderable additioaal tira to the analytical investigation of the proble~
of axial conduction, but the work of other investigators‘in thls field has
become avajlabie. The twe main scurces of other information were from
papers of Bahnke and Homard and of Hahnemann. The results obtained by both
" of these :nvesttgators (Rﬁferences I and 2} yield identbcal results to the
revised Aaﬁesearcn appraach to the prou%ew'oF axial conduction. The
revised AlRes8arch nathod was pcesantad in a previous progress report
{Reference 3). With the additional AlResearch effort and the confirmation
available from these other sources Alfesearch now feels that the previously
proposed axial conduction tests are unnecessary and that the current

analytical technigues are satisfactory.

»

In*the pure counter{low heat exchenger designs where the metal con-
ﬂuctzon path is ccrg?eteiy derznac, no additional effort is required in
the field of axia} conduction. With the plate and Fin heat exthangers
however, a problen still exists. THe definition of the metal conduction
srea and of the true theral conductivity of the matrix Ts not fully defined.
"The tube plafe, side plate and header bar matal conduction areas are de-
fined, however, the effect of the fins, partieularly the offset type of
fins, is not'§o easily determined. With offset fins there is no continuous
path for heat conduction down throug™ the actual finned area. The part
of the fin that is brazed to the pfétes doos contribute some additional
cross-sectional area to the.path for heat conduction. Just hdw much this
cross-sectional area affe;ts the a-gunt of heat conduction is not fully
known. In addition, as in many of the heat exchangers the fins are of a

.different material than the plate {nicke] fins and steel plates). The
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exact metal conductivity of the fin-to~plate braze jointlis not fully
-known. It is, therefore, proposed that a series of small scale tests

be conducted tordeternine the effective conductivity area of piate«f!n
cores. A seall plate and fin"samgie will be fgbricéted utilizing the type
of fins and naterials that are being considered for the Brayton cycle
recupe{atcr: The quantity to be determined from these tests i the product
of the therral conductivity and the cross-sectional area (KA}. This
quantity 13 best daf%né& by the following equation

- KA = L x WAT
where Q = heat .transferrsd
L = conduction path—lenéth“
AT = temperature difference {hot end to cold ead)

‘The KA factor for the Tabricated samples will be determined by measuring the

[

overall electrical resistivity of the plate and fin specimen. Fron this
measured e}ectyicai.canéaqtance It wili then be possible to determine the

thermal” conductance by use of the Lorenz number.
FLOW DISTRIBUTIOH

Frém the results of the parcrmetric apalysis one of the heat exchanger
matrices of prime interest will ba the pure counterflow plate and fin type.
The ovarall configuration of this type of heat exchanger, which reguires
trlangular shaped ptecoes on either end of the core to permit access and
egress of the Fluids has be;n discussed in some datail In previous reports.
Qwing to this requirement for offsetting the flow direction from.the face
of the heat exchanger core, it is possible that scme-nonuniformity in flow
distribution will occur within the core. In very high effectiveness heat
exchangers It is possible that this nonuniformity in flow distribution
could have a detrimental effect on heat exchangé} performarce. While the

affect of nonuniformity In flow distribution on heat exchanger perforrance
E
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is subject to rejisbie analytical techniques, the estimation of the actual
nonun{formity Is less easily estimated. In order to ensure that no real

] foss in performance occurs due to Flow maldistribution in a final design,
plate and fin counterflow heat exchanger, a séries of small scale tests

are proptsed.

A fluid distribution test section will be fabricated from layers of
both the hot and cold side fins. The test sectlion will Tnclude the Infet
and outlet triangular sections with the selected luvose fins within them
and witl also FncTudé'representatiue headers to feed each of the layers®
within the test section. The,siﬁﬁiation of the overall configuration is
necessary as both the inlst and outlet manifolids end the inlet and outlet
trlangular sections may exert a considerable influence on the flow distri-
bution. Flow distribution will be measured by recording a series of
pressﬁres and pressure drops across the wldth of the heat exchanger. A
typlcal test sectlon, together with the type of instrumentation which
would be utTlized, is shown in Figure }. Actual distribution wauld
bé measured in both passages. A considerahle amount of previcus experience
obtained by AiResearch In the field of flow distribution ‘has stcwn clearly
that flcw distribution is a ruac£§0n of geomatry only and is nor affected
In any way by any of the conventional flow parameters. With the overall *
daszgn cencept be;ng ccns;dered for thase plate and fin cores wrich utilize
approxirately .80 to 90 percana af the available overall pressure drop
w?ﬁhlg the heat exchanger core, no serious problems-aré anticipated with

flow distribution.
BASIC HEAY TRRHSFER‘BATﬁﬁFﬁR TUBHLAR HATRICES

Qne of the matrides which has been considered throughout the paramaé??c
analyslis has been a pure counterflow tubular hest exchanger. Two maln
problems existed in the examination of this type of matrix. At the time
of tha praposal, AiRessarch did not have a rapid and accurate reans of
design;ng thls type of matrix for a glven application. Also, there Is

1Tttte Information avallable on e¢ither the heat transfer or pressure drop
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characreristics - of flow cutside o?napd‘parailel to tube'bundies.‘ The,.
little da:a’that is aveilable on these characteristies Is limited almo:
entiré?y t6 the turbulent f!owA§e§§me. In the recuperaior éesign£ con-
. temp!éted-?oraarayton:cycla applications the flow regirz within the
heat exchanger will alrost Certainiy,ééliaminar.

zr

Throughout the paraietric analysis considerable effuorc nas vzon wapsided
in eliminating both these drawbacks to investigating trs pure counterflow '
tubular matrix. A ﬁrogran has been.written for the I&4 7074 digital com~
puter wﬁich'permitg the raplid and accurate designing of this type of heat
exchanger. This program‘fnc4udeé the effect of axial conductlon. In an
effort to obtain the required basic heat transfer'ané pressure drop data;,
an extensive literature survey was conducted. As mentioned above, this
survey was not too guccessful as fittle data was found in the appropriate
operating range- _Quring the p;rgmetric analysis, thersfore, the data
used for cutside the tube bundle has been based on esti-ated values.
Inyestigagions were conducted to.determine the effect con hzaf exchanger

-5ize of varying these basic characteristics. The results of these
investlgations, together with the ‘most suitable designs deternlped, wlil

be shown in the final parametric analysis report,

In ﬁhe.h}ghest'ef?ectivanessvaﬂdJlowest pressure crop secticn of
the range of condltions being consldered by this pare~atric analysis,
the pure counterflow tubular heat exchangers show pre—ise. It is
desIrable to obtain confirmatlon of the designs by obraining more reliable
basic data. It is, therefore, proposed that a small test section be
bul bt utilizing the tube size and spacing shown to the Tost suitable

by the parametric analysis.

In order’ to obtain suitable data from a minifum exoenditure test
setup, careful consideration must be glven to the desiga of the test
core. The test core which will be built will contain a tube burdie
which would be arranged In @ rectangular bundle with 2 high aspest ratio.

- L-9372
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The tube length will be at least‘S feet. These overall dimensions
are baslc tq the requirement of obtaining satisfactory data. A
reasonanle number of tubes Is required to ensure that end and edge
effects do not distort the results. The rectangular configuration,
with the high aspect ratioc will ensure that the flow on the outside
of the tubes can be Introduced and r;mpved from the tube bundie with
minimurt end effects. The lTong tube length will also ensure that a
fu}iy established flow regime exists throughout the heat transfer matrix.
The tests will be conducted by ﬂjowilg air across the outside of the
tubes and water throuéh the tubes. High water flow rates would be,
utfllzed to minimize khe effect of water side tharacteristics on over-
all performance, The overall test setup configuration and instrumen=-
tation which wifl be utilized are typlcal of the mamy hundreds of this

type of tests which have been previously conducted by AiResearch.
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