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ABSTRACT

The problem of the design of oblique flow headers for

heat exchangers flowing low density fluids is considered.

It is demonstrated by test that the theory already available

in the literature provides an adequate basis for design for

the single-pass "parallel flow" and "counter flow" configura-

tions. The theory is summarized in the form of design

equations and illustrated by specific application to the

air-,side flow in a gas turbine regenerator.
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MIGN

4 Tn er-ew.&- cc ner,-Ion systems- in~v~ng Lzas flov heat -

excnage~the header conflgiirations 1mve .a defIn-ItIve4
isfluence Ch system envelozze goetzy. Tkie regenerative
-aycle gas turbinie engL-e- is an~ extre.e exa =,le of such- a
system. 774-_ highly13 cpa-act surfaces- e~qp]Oe tendi to z'esult
in cores f lerge frcital a----- and- slmrt JO'ow length. The
ekcetchi, Fig. 1., i ustretes a folded core concet used to
reduce teheader voluze.. HaoNeve, if the Dressuedo
across te core is C wo-uifor2 the -:2o-a-di tiuinoe

the transfer su faibes wiU not be vm ifb-nm and a -serious
rdcuco in heat Czxehnger perfo =ane tay b ' Penal.

F-a this 'iieii]oint, th design_ object ve for the header
is Lo proviLde for ac4ceptablIy dn.-~z io i~ aceptable

system geo--6try and flow streami r-echani cal energy losaes.

Ifteffect,~ uniformi-ty ok flow distr~ibution Is the -doinating
function of the heAders.

i~~~e a-een reotis a contiuto of -earlier work- iii
thsarea described in. Ref. (1). Threpe types of header coni-

figurations as shown in Fig. 2 are consideredi: a single-pass
paal e foa gl-pass counter flow and a two-pass-

paral~.el f lim configuration. The Speciffic purposes q f this
j presentatiop are to:

()Summarize the, analytical. results,,Iincluding a
detailed analysis of losses, for the tWo gingle-
pa-ss confEigurations.

()Present test i'esults- for all three configurations-,
both -for the "theory shaped" headers and for
'other shaues not conforming to the theoryj.

(3) To illustrate the application of the results
by the design of a practical heat exchanger header.

The theoretical lnethodoipgy Is largely based, on- the work

of Perlmutter and Heyda (2) and (3). The mathematical model.for the exit header analysis differs for these two athairsand the Heyda model is s~lected for the present treatment as

Z1 777=.

._ . _._._._............1.

-wI
k - v0



:it is well subs tantiated experliimehtally. The ahialysis o-'

1lteader losses- into, nlet -and exit components and the al31lowance

fo differen fluid' densitdes for,, t be i'le, and ex-it 'headers
xep;*sen-At -a -air:pe je co tbuino the theory Iti

believe'd toau 'hese extens,§~iis and the summa~ry of resultsinto

carvei~ent equations will be- of value~ to 'the heat exchanger

dCiger. ---

-4
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The 'mathematical models analyzedt for- the paralle6l flow
and- counter, flow 'configurdtions are, descibed_ in Figs.- 3-and

k, respectively. The e pplica ie fdeal-1zatibex§, follow:

I.Inlet -and exit header'- densitiids ar'e, sep Ljatdly
constant.

2.Inlet header 461ociJty, qj ,- is unifo~ri- ,at_ x=F *

3. -The- inlet headervelo, ity isa f unction - f x only. f
4. The inlet headber pressure Is a fun~dtioh -of k only.

5. The exkit hieddei pressure i A functionl of Jx only,
but the, velocity ha a -tWo-dimensional variation,.

6.The- inlet and ;exit- header f lows,_t aIoelss free

The conditions; imposed ofi7the systemri aI e:',

1. The exit header has a box shaLpe,

Y 00) =1- or ~al~

2. The -mass, flow, distribution through, the matrix is
unifo.,m, i.e.,, ;V' constant flowing into the,
exit header.

3. I order to prc-Vide for (.2).iit-is -necessary to.
shape 'the inlet -headevso that the' inlet pre.-sure,

prfi .- ,, che the exit pressure .proftle
-& itake AP matrix constant with x ,(see Figs .'-3

~d '4.
1 3.'e Important rslsof the an.alysis are:

1.PU). _for the exM~t header.

2 U (0 y) for the exit header..
3. Reu-pdd shapi ofteiltheader t(x)

4,; ' u') for teinlet header.

The dktails of' the. derivations are pre~ented in APPENDIX I.

one-imesi~alied ithrespect to-pressure in both headers
and lsoveloityin the inlet heade ., but the ouitlet header

veloity-tt~~y)is tw6-dim~ensional,, As will. be shown, the

6he-imesi~al deaizaionfor pressure is just-ified b

expeimet. he ustification for selecting a bbx shape of,

thIxthaeri hti yields a minimum pesr rp



-~eithough the flow eA&c of" she~ heder6 Is- loss free,
acdordirAg to idqkali tion6, t-isa edeloscag-

abeto thE, ane nd- Xit hAe r and r x _M M-
los ha kines the~o __ __inz

-sgjs two, (as knt'e"rj8ishtna
theflw eav~ heiilet headpr -at -a ratrly high 1e061y~

is Iurft- -and de cel;e4ated by the, matrixi andc (b tine- kcie-Ite

enr- "ece~1 rTh -erf t hbader- associaed zdlth the no-

_dze .9s the loss Ln the, totlal pressuare hti

chargeable4p - the ziiatilj ix t-

As, the aVera~ vedcty ',;erin in t~he -exit tota1l ,Yjessune F

is based on a b c kav14247e- u, any non-unifoxinity :W n ,
-al apedt -, a "boolkkiF ie:, l-o-si i~i nry

_ xperimental eviden'ice suD-pnorting- ehse Idealization
4willa be .preseiited', ]Later.

The iffportait, analyti--cal reuls rtesigeas

- -pa~-I~I-flow headet-I c6nf iguratioh -ol ciw:

K. ______t____ box configura!tion- Y~x ?
Eipi I der - - +ii -

-P ~ ~ %X, -4 h. + (2

Velocity-, *~ Tsin(Z
u 2

- 9 oave YOa

(u- 3v

r Inlet header-2(~

2 f~F ~~resr :4_________ __

'v0



- -~ Ge zetr, Z~ 5

%1i IVO+2M(6)

ave 2  -W I2 ".:i-41

(6b). -

1,3e that Xfrm contin~u-ty i

The- pantheirt cal model for thdountek- 11-w header -con-
figuiwtcr is -described. Ii Fig. I.In conttast to the parallel

flow oni urai, th ile heAder, fuifction8i a3 A,4 if-user
to dece-56e-d-t the flow. The~ouitlet header beha Ve-s-.exac tl'Yp
like that for the,-parallel flow configration w:Lth- a- flow:
-acc&lerati6Jj and, a dr~oi in- br~assure ik. the- flo6w dxe ~ n

Theikboi'tant aralytical results. kor thesftgldpas

Av- 2'1:
Presure, #-------... atix -7r

Velocity, '( ~( .' 2 : 8a)
I 3

Inlet header 3ve l6{
Pressuire, 11-Z " 1 .t (1 9I To 5 4

-~ ~ -~ -- -~- - -~ -p-
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Note t9 o

= = 0.405(hc

in onras t, te ara -e f low cojifiguration, where the

>1itlet header dimension zi can be either large orialler
i han the.,outiet dimension. y for counter flow z~ must

be- 0o.636 VT/P -I) q6 in order -to assure the matching

"'pressure 'prof ile needed fo4, uniform flow distribution and, for

I a minimu-m.,iieader loss. This point -is established, in the
Oer: vation -of E9q. I22), in APPENDIX I1.

In the fbllowing conside'ation the, over-al1 los of flow

9 <streamjnechanica'l ehppgy, Eq,. (),will be 'analyzed in terms
-63 its4 two components:a the kinetic ednergy dissipation as
-te -M6_ _~d tt

the -lo leaes he inlet, header and ()te k tetic energy

"1excess" -associated with the non-u niform velocit/y profile
u u0 (y) ,shown 'ii Fig. 3,which is ,chdrgeabdle to the exit

Foil *t1 parallel flow configuration fropt Eqs. (2) and,
'(6c,),,, Eq.? (j5bcomes

_APt Ihr fl )( Jz. 2+
H7 F

00

-. 4-67 h. 1 (12)

6



For the, counter flow configration :rmEs 7)~n Lac),

Eq. ()becomes-
M4 4

r~o interesting design -onc"Lut ins are i.iaeyevident.,

namely: (a) the optL-imum cc'unte'i f:.low. c6nfitgura~tion has the much

smaller loss and (b) unikIe the -parallel f low. sit'uat:Lon the
counter- flow- loss does not deend- -on inlet -to outlet flowr

~tream ~dehsity ratioi A typical -apa-ie -1 flow design would
,be with

i()2~ or ho, hi

So that APth 4 2.17~1.15 times, the comparable counter

flow loss-
The kinetic ejiergy associated with the non-,unif'orm-

velocity pr*ofile -uo (y) ait the outlet header exit is theI

same for both the parallel and counter fl;4 configu~cttions-.W

y 2 u3 )
KE0 __ % 1ave

The " Yo Pouo ave o dy c

Th excess" -kintetic-,energ head. above, the nominal magn4,tudeL
_ T_

evaluated using a bulk aVerage velocity i.sI

ExitLossA p0 Excess KE /wi (u13)av

2uo,ave I
o.4 1-4)

where the numerical1 result comes from Eq. (3b). -- L
For the inlet header, the loss is postul&ted 4~be aeu.

the kinetic energy leaving the header and- entering the matr~ix

where it is dissipated,-with no pressure rise~ and appears as

an increase of enthalpy of the flow.

V 44



J _ i dx

- -
.- iile -"_ I I-

B - Constant h x and so- is A ; thus the inlet

loss b&4Co us 2
-.-- Inl.et. Loss a

______%_5 ave

UU

By q. ( for the Llet :header of the parallel, flow. con-

In'let Loss _ = +o -o V
1 +0 82 ;2, - ."

pi 1 "By Eq. '(ilb), for the let header of the counter40 flow con-
figunAtidn

n - - = -:o.3 3 3 - (l 5 c )

From Eq.&. 14) -anA. (_1) for the parallel flow configuration,it 0.645 + I +.8221:467 1ii lA4167~fi

- iwhich, is -in- agreement with-Eq-. -),.
Similarly, frm Eq. (1k) and (15c) for the counter flow

configuration and using Eq. -(ilc)
----- , - ho" ,'4 i.t "-0:

5= 065 + 0.333

o-.645 x 0,405 + 0.333 G-0595

which is in agreement with Eq. (13).

In summary, the postulated "loss free" fjaq theory for

the headers provides expressionb for the losses to be charged

to the headers in the header-matrix complex. Eqs. (12) and

8



(3) prvide the total header losses, and, -Eqs,. (1),(5

and (15c) pride the e§Xit and inlet header contributions to

d the total losses.

A technically interesting special case of' the pai I~J

flow solutions is considered in APPENDX II;. This configura-

tion is described as the oblique flow,-Inlet, free discharge

configuration, Fig. I-3, 'This-header configuration is quite

commonly encountered in air conditioning heat exchanger

-Cinstallations and. may, also, be, of interest in a gas turbine ~-

r~egeneratpr discharging .ptr~.ight- into an exhaust stack. The I
discharge pressure is uniform for this situation so the inlet 1
header must bebaped to yield a 'uniform pressure.- This

pressure match conditibn requires a triangular shape, with

uniform. velocity u =ui -

z
zi

The exi t header loss is nil so that the A~t/h is cmletely

due to the, inlet header and according, to- Eq.' ('1) and Eq. (1-26)

of APPENDX I becomes

57 (1l7) '
IncotrsttoEq.(12) and (13), it iseen that the' Theader '

loss for the oblique flow inlet, free discharge dohfigurat~on

is intermediate to the parallel flow'and' counter flow con,

figuration.4

91
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EPERIMENTAL- RESULT-S -

After a -brief dje, ription 61f the test sydtem., data willj

f114hn-iifiit criterioni will bedeVeloped. and the
adt u,'ede6r performance will be Presented both in terms of

~pressure r& ls edrttlha losses and flow non-
-uniformity,, Theory shaped headers will be considbred ah~d also

6 desighs that differ from the, theory._ The pierforrhance of 'a-

two-pass pai~allel 1710w-configurationi Will also be presentted to.
ihdidate the tp fetplainone may makea of the single-

pass theory.

T~st, Systeffi
4;, The, flow system focr the single-pass parallel flo710wcri -

figuration is, described schematically in Fig,. Fig, 6 is.
aphotograph of the general test arrangemientfopalelfw

tand Fig. 7 is-a photograph of the counter flow configuration.
The matrix arrangement consisting of two HEXCEL stiffeners

and seven- pads of five screens each- isshown in Fig. 8. The
stiffeners proved to be veiryeffective in eliminating header

shape d'istorti.ons due to the scr'cehs bulging and sagging.
Eight'header s~ts Were tested. Four, of these are single-

pats, paibalel flow dconfigqrations-,. hree -are, counter flow-and
,,I. -one is, a two-pass parallel f-low configuration. 'The three

configurations were previously described in Fig. 2. Table 1

provides the important dimensions for the headers, and Tables

2 and 3 Provide the matrix inform~ation.
Additional information relating to the test system is in

APPENDIX I-

- Experimental Verification of. Idealizations

-For the box exit header, a-verification of the idealiza-
tions (page 3) leading to the analytical results, Eqs. (2,3A-,

3b) and (7,8a,8b), is provided by a comparison of tche measured
exit velocity profile with the theory prediction, Eq. (3a).

10

Lt7

1~ 14



I-K
This is done in Fig. 9 anid the agr6ement is excolent,

The validity- of th~e idealization of pres ,sure- as a functi'Or
,of x only In both the Inlet -and' exIt headeis, is -provided by,

a, coiparison of the narrow sidewa11 pressure tap readings -

with those of the bottom aid -top, walls, The side iwall tAps

are locatedtat a plane about-,one-fourth 'of y0 from the
matrix stiffeher 'face for both the -inlet 'and' outlet; heaLder.

These comiparisdnq a4re presented :i the-experimental pressure i

prof ile Figs. 10 by the different types -of data 'points. The,£

close agreepMent of the two sets of, pr§ure readings -srongly

supports the unit-ditiensibnal. Idealization,- for the pressure,.,

Flow IUniformi-ty, Critefion --

Before presenting th& -hieader performande, I t is neces~ary

-to specify a criterion that Is descriptiv-of flow noh-uniformity

through the matrix. It is necesdary that tbis criterion 'be.
readily. 'veluted from test -results and'-bb tusable by 'the
-designer to, estim~ate the-heat transfer performance pena2,tydue
to the non-uriforinity. -Fig. 10 prese&hts a typical Be6,t -of V4yP-L
pressure- data. After the pressure -profiles are--plotted, the -3',
AP atrij/4. -is read from the graph at 12,-equally spaced

abscissa val.ues over the range 0 < X Z 1 .,The \/APMatrx/h1 1
is then calculated and -vvis.,-forrn~d. -as-

nrm Vavea -i/

mav VU mf j7hi

in, ve '~iatr~i~ave-'-

The 11 ordinate trapezoid rule is used to form- the
~~ ~mtri i ave The departuire' of v DYve from unity

is the velocity-deviation from the average -

6 m A~ 
____

7m,ave Vmave

The average deviation of the velocity devia-tion is taken- as

11j
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the -criterion -of -non-fdrvity.

j A

- -. --Tf- trapezoid r-tric is, again uised to form this average.
To estimbate -.the penaity' In heat- transfer perfo-6hazie

ass~ociated, wiuh a sbeeifiedV nn-un-if-brmituy,it is recomienced
tUhat the flow: distribution b~e treed as Iferlng a tep,

change(4.) cp~aIto Ph no ufiit agni1tude

GleArLy tj e flow non-tinifo-rmity factdr is- a characteristic

<t th- he.0-er 'and heat e~kdhange matrix.;system and not of the

headers alope. If the emat'rix pressure dr'oD is- large relative
to the Dredsure changes in the headers, the influence of the

headers on flow d is tribution will be minor. In the-case of
the te st. s yst em, the pre ssui?, change ±n the -matrix, is approxi '-

m~el 42 h (see Table 3). This is of h smeodrf

i3n4gitud& as te-pressure ch.Angesp ifi the headers and, as a
coitpequeiice, header performance has an imprtant influence on

th fjow, non -uniformi~y f~actor. It is- believed-~ that this

s'ituation is typical of gap turbin plane regenera-tors and.
intercoolers and many other gas-tflow heat exchanger systems.

Header, _Perfoi'mance tse

The teh ed ~fgito sted are listed in the

first column of Tabi. 4. The main t'.est conditions Axid the
header performance, as characterized by the loss APt/h1i and

the flow non-uniformity, (v m /v m~ave ) aeare also-tabulated-.

RepresentatiVe graphs, Figs 10-17, all for a nominal mass

flow rate of 3000 lbs/hr-, provide the pressure profiles and

the associate matrix flow distribution. For all these tests,1'/p can be treated as unity for comparison with the theory
predictions.

The four single-pass parallel flow configuration tests

will be considered first. The approach of the actual inlet

12
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header shape for runs 5i), 51, and 52, the S-'-caed t-heOT.k"
inlet shaDje, to the gemtysuecif-Pe by Eb. 15) f

and P/P.= I, :repoted In Fg. 18. Dep? rtures

on-- the order of nercent (of z., ) i7ay 12nte.Ois3.c

of tigreement, undoubltedly contributes to tha non-u.mlfoztrAsty7,
maniude b bu . percen-t.

Tene reduced fwarea in. the reglons of X =0.7 iras 1
considered1 t be the main contkibutinG factor (see Fig. AD)
so for runs -29, 23, and 24 a -6.02-Inch. tick -frame was Used

to produce the modifeo theory11 geo'etry reported Ini Fig. 19.
The resulting nn-unifor=-ity, was reduced to 2 tpercen. it i K!
,evident however £ Oa Fig. 11 that for X>O0.9 the flow area

is too great so tha tPXj-e does not droto 4ff ennoj,.,-
match the P(X)oU,~.e ro~~~i tnh ego. is believed'

on the qasis of th is evidence that a dioser approach to th-e

theory geometr'y of Ea. (5) would ,'ideed provide for better

flow uniforbilty. However, for most exchangek app1llcatlot . a

non-unil'ormity factor of 5,percent twoulid pro~bably he acceptable,

and this --an be achieved If dimensions are r-aintaiined to + 2

nercdht of z~ anO care is taken not to block off the sbP- 1

flow area region for X > 0.7F
j The outlet header pressure-orbfile for the theox~y and 1

modified theory inlets, 'Figs. 10 and 11, -very closely match

the theory prediction of Ea. (2.); 4ouFleVh- is veryrclose

to thve (T /4) = 2.47 from Eq. (2). The& header loss _h

axeragest out to be 2.30 which is 7 percent below the theory

prediction of Eq. (12). This difference may be a boundary I
1-0layer effect as there is evidently a trend upas I r A+/i

with increasing flow rate. A flow rate of w~ =2000 lbs/br,

run No. 50., corresponds to an inlet Reynolds No. (based on

the hydraulic diameter of Ai )-of approximately 90,000.

tIn the following discussion where three test runs in a set
are being evaluated arithmetic average values will be'used.

13 !r
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~ tiag~iarheader shnape, is described, in Fig. 1.

rawns 31, 32-, a#4 33, inP 5able ~,show that the non-uni&frblty

averages 10 yrcsnt, stustp-ntially pcorer than th -- erfoEzan.ce

Of the theory- shape of 2 to 4 percent. 'g 12 -shows the

uressare. toro'I'les am, t=- veloclty distributIdn. Clea-rlyr

gros da-&t.ursJfrm the theory shates result in eious

flai non,-unifforalties, and, tq accentuate 'tiuoint with a

-b~ox header, i'n10 and Fig. 13, a 2a percen' fnoh-uni mfri,
r-esul#ts Voe ~ ei!r that coinensating so ewiat for the

r-bn-untformity of flow dit-Yot - 2agh she na "117 the-
header loss,. At,, is reduced subostanitially from the theory-

value of 2.47. This toint Jilstrates the alc.o ~n

bheader loss -as a ersteridn of- design exceK-ene. -The l&,cer

loss is obtained onily at th expense o7te~i ucino
*the headers, namely, to provide. foir cloDse to unifom flow

threjgh the heat exchangers,.

ri± three single-pass counter flow cozxffguratiofs listed

Iin nable 4 willI now be donsIdered. On situatiopn with

Aq zjy: 0.-636 represezits the theory si'apa when.

= 1, Eqj (10) . APs can- be see-n prmthe -entIries for
rune Nos. 53., 54-- and 55 the flo hon-unifonrm.Xty ka,&tor

} averages at 4 percent which is considered to- be quite--ccpabe

J - and the header healossLPh 1 =.6 incnaio t

the theory Drediction of 0.6a, Eq. (13). Fig. 3X4 shows the

flax distribution and pressure profiles typica1 for this

header. The pressure drVop in ~the outlet header

-h = 103 .Fro m the theoryk Eq. (7)

The s-odstof data, runs 45, 46, ahd 47, serves to

demonstrate the influence of departing from the theory speci-

fications * The inlet header area is "oversized" by the ratio

-"~--.14
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(0.713/6.636) - 1 = 12 percent. As can be seen from Tgbie 4

entries, the flow non-uniformity is increased from 4 to 6
percent. The outlet header drop (APute :) is inceased:

from 1.03 to 1.25, but when normalized relatiVe to
P0

becomes (APout-ho) = (1/0.713) e x L.a = 2. 5 which

closely approximates the = 2.47 of the outlet header

flow theory,,-q. (7). The header loss (AP/h 4 ) = 0.82 when

it is. normalized' relative tO hi , but as h, is decreased
by (0.7L3/0_636,)2 i = 26 Dercen,. AP i only inereasei

by 5- perceit.

The tLhird set of data, --rums 38, 39, and '40, illustrates
the effect of a. substantial o~versizing by (0.97/0.636) -1

53 .percent. Now the average flo. non-uniformity factor Is

significantiy greater at 11.5 percent. The outlet header d-op

(-outle t/0ho) (Apouteihi) (hi/ho) = (2.46)(1.063) = g.62
and tLs s within 6 e'cen of thLi theory prediction. of

j. '1i / 2. 47 Clearly the theory boundary 6oqnd t1on of

v, = constant is not approximAted, but nevertheless the
agreement is good. As a matter of interest the parallel flow
situation with the triangular Inlet header, runs 31, 32, and
33. show about the same noi-uni__ormity factor (10.2 percent

average) and Ao e/h = 2.47 is also the Same. A com-

Darlson. of Figs. 12 and 16 reVea!s a strong smilarity in tie ,L

character of the non-unifom vm distribution. The header [1
loss for the versized inlet, counter flow configuration,

S(APt/h) 1.27 , but because of the lower hi, in the ratio
(0.636/0.97):2 , the Wt is actually lower than for the

theory shape by 14 percent. So again at the expense of the

4 - primary function of the header, namely uniformity of flow

distribution, a lower loss may be realized. -

i The last header configuration listed in Table 4, run 49,

is the two-pass parallel flow configuration with single-pass

*: theory shaped inlets and box headers for each pass. Fig. 17
provides the pressure profiles and the flow distribution.

15
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in ;oritasbrn to the cor~pamable s!igLe -uass cniguration
-m51, th fist!-pass behavior rr-aw essent aly unchatied

but; the- second -pass reveals' a 20 percent leacer loss ilth a;
oie_ poinf, increase In th~ e~ian~r~ from 12p Lo 5.2
percent. Before, the- tests, It. was antielited. that the hi& -4~

Sskewed velocity Pronaie uOr .see Iig. 9,enteering tTre
second pass ii'ould tend. to (a) indrea.;. tmfte noii-un-formiity

- sgnficnl n (b)_ inceas -the head' loss for the second-

m ass. The contrary reslllteO. The salll increase noted. for
the mox-uiiforpity riay ot 'be significant. The substantial
reduction of heAd lossi can be ra t iomnal i e d by the fact trhat

MFth the F= 2.417- prediected by t-he theory for the
0. 45( 6 ercent) is assigned t6 the exift -header,

Eqj (!4)-, and this Is really a "bookkeepIng" loss of kinetic
I-enerk associae&o with, the conventiop.i of -using the bulk average

velocity to calcu late flow sti±eam kinetdc energy. ClearlyAcrost of this excess kinetic energy Is nbt lost In the inlet
heaerto th econd pass. The heat. exchAnger designer will

'welcome this fortunat;e circumst-ance. -talso suggeits that
for !Ungle-Vass configurations substantial non -uniformituy in

theinlt hade ve~c~y rofile can be tolerated and may'Ih nena~ eoiyp
even prove desirable I

I Gbod~b experi ea verification -of- -the theory o h
joblique f3.ow inlet, free discharge- ..-94 uration, vqs. (16).J ~ ~ ~ o an 1)i e~td' by Loeffler and Perlmutter (4) and these,

-- sazfte resiil'f aie reported in. (2). -

16
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I sevident from the test results ti-hat Ekqs. (2) to
f6. or the zazallel filov and Eqs. (7) to (lie) for the4

counter f law con figuaration can be used -as a basis for design.
tihm test res~vlts of the- theory shaped header-s support both
-"he 1dealltratims of the analysi .. the resulting design

equAtions8. Also the La:Ly-i.- of flow stream mechanical energy
losses chargeable individually to the inile-t anid exit headers,

Eqs (1) t (5c) are supported bOy the test results., More-

over, the "off theory" header tests- illustrate the- type And'
pagnitu.de of the benalty to be paid, ij terim bf non-unifoimity
of flow ovjer the heat exchanger surfaces.j

the burposes of this section 'are to illustrate the header
sizing procedure bpk specific example and to discuss otlher'
design, considerations'.

Im Aef. (5) ar. example is presented foki' he design of a-
cross-flow tegeneratdr core .fdr a 5000 hp- gas turbine plant.

The following relevant. inforimAtion is extracted from this

example for the purpbise of d egigning the headers for the corn-
pressor air flow which is heated on passing 'through the

,regenerator.

Regene~rator eff'ectiveness e 75%
Air-side core pressure drop 4P/Pi 0 .42%,
A-ir, flow d~ensities P=o.438 lbs/ft3

p0 = 0.300 lbs/ft3 j
p/o= 1.46

Matrix fr6ntal' area A,1 _; 3fx7 5 2. f 2

Air flow rate wo=193,000 lbs/hr=53.7 lbs/sec
Inlet air pressure = 132 psia

t For the single-pass pa rAllel f low header design, it will beI
specified that the inlet header initial velocity

u 100 ft/sec and that -the exit header will be sized so as

to mare ho =,hi .Under these conditions

1-7
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Ae. 0y0

0 Pave

For the single- as,. counter flow header design, it is only

necessary t6, specify :4 1 , taken as before as 100 ft/sec.

One cannot ibipose-an, Arbitra.ry xrelationship betweenh 0h and

~h- as- this condition- is Llxed -by the -theory Eq. (Ile). In

Applying the -theory the -ratio z /y -wilil be taken-as4 quivalent to Ai /A0  'The implication is that the x-section

of the headers need not be rectangular as specified-in Figs.

1 3 and', 14,, representing the 'mathempatical miodels. It is believed --

that this is A. valid: approximatioh for smoothly contoured

headerwils.

Parallel Flow Header
YFiomii Eq. -(fic) w iith ho hi

__ =1 and, Ai= .828
(pO)L 0 To M

This, checks the previously derived result.

Introducing Eq. -(6c)- intoEq. (5) yields-

'1 -- (P) [~X2 + h]o

With hi/h0  1 the following tabulation, for the header

shape results-

18
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x 0 .50 0.75 .0

4 ~A 0,898 U17 Tu .32403

A k t - .-225 0.855 -0.480o.198 0

x for

The header loss may be edvaluated f3rom Eq. (12)

S147, + 1=2.47
hni

At 2.4t7r2-083%j

From Eq. (14), the exiltb header loss Is 0.645 40= 0. 645h 41

2!6 percent -of the total. Prom Eq. (15)' the inlet header
loss is 1.822 hi or 74 pereent -Qf the tot alI

Counter Flow-Header
From. Eq. (Ile)

With 1,j specified as 100 -ft/sec,-" hi =68 #If t so,

ho 7.5 -- /f0-

U0 \I 0 \V Pi ~ j V!ui4' 0 O7,70

u0 =77 ft/sec

2
OU ho '0'.30, x 772 27. #/,ft 2 '(check) A

From Eq. (io)

zcontt -Ao A~Io' 0.636\J0=.526

19
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Fojr: A1 125 ft iit h uolv = 0 ft/s e )

A=2?33 ft

C - -- 0 595

13

6 i o.45 0.6

From 17q. (O'4 th-e exit header los IS 065h .4

* 0,405 h., 69261 h1  or-44 -percent o1f the total,

-From Eq. '(15c) th e in~let header loss is 0 .333 h. or

56 -perce-nt of' the total.

'The-'Patallel flow -and Counter flow designs are compare J

in the P61llowing tabulation.
Parallel Counter

Flow -Flow

Inlet velocity U, ft/sec- 100 100

Exit Velocity uoae tsc*2 77
Inlet a4rea At, ft 1.225 1.225

ExIt area A61 f't 1.48 2.33

See tabula- -Constant
tionj p. 19 at

Einlt header~ area at AX

o A0
Headr loses .470.595

Ap /P, % .8830.213

Fraction for inlet header, % 74 56
Fraction-for oitlet header,%264

As a point of interest it is noted that for the parallel f low

design the header loss of 0.88 percent exceeds the calculated

heat exchanger surface pressure drop of 0.42 percent (Ref.-(5),

p. 256) by mare than two-fold. It is also clear that the

counter flow design though somewhat more bulky' (see the A0

- 20
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comparison) is Very much to be prefeerred if the machLnery

arrangement will allowk this confi90ratonj.

Because the. core pressu.tre drop Is small relatIve to the '-

pressure changrs in the headers, in the ratio of 0.1t2/0.88 =

0.48, the header performance can be expected to have a greater

influence on the non-unifor.mity factor than for-the tests,

for example, wh1ie the ratio Was on the order of 0.8. Con-

sequently the designs summarized above can be expected to

have lariger flow non-uniformities of the -order of 5 -percent

in comparison to the test results of 2 to 4 percent.

!Moreover, for the parallel flow design the inlet header

dimensions must adhere fairly closely to the theory, say + 2

,percent of Ai , as in Figures 18 and 19. For the eiit header

no such Precision is required. Both box headers for the

counter flow configuration are less, sensitive to off-specifica-

tion diiensions in terms of the non-uniformity factor.

Both designs can probably tolerate fairly non-uniform

inlet velocity donditions without too much of a penalty in

fldi non-uhiformity..

As a point of interest the- inlet header for the theory
couhter flow "ystem is functioning -as a very high area ratio

diffuser with only a 33.3 percent loss (67 percent efficiencf),

E-4. (15c).
It appears that the single-pass counter flow header

the ory -could be used to design a sharp return bend -for a

relatively small loss of about 0.60 hi by using a low

resistance matrix such as HEXCEL (one or two inches flow

length) to function as turning vanes.

The test performance of the two.-pass parallel flow con-

figuration indicates that the single-pass theory provides

quite a good basis for design as indicated by the test flow

non-uniformity factors of only about 5 percent. This is a

result of the lack of sensitivity of header performance
(second pass inlet.) to a skewed inlet velocity profile.

21
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SUIMAR APfl) CONCLUSIONS'

_j- preyv us, texct Oe"IJ s;With the desigrz of single-.pass
head er qysterdsod .the bajn llel flow and counter f low typ~s.

Both the theory-and test results are presented. -Based on

this- ihi6r4ition -th6 folloWing conclusions result.

I.An- adeqtgate. de6Igzn basis for s.ingle-pass parallel
l- .nd cqutr folow header conf~igurations now

exIots. that is,, optimum geornetries can be speci--

fied; expected losses estimated and reasonably

good flgw distri.bpation uniformity over the heat

exchahger sur'Aces cah te anticipated..

;Z . Par-allel flow headers will have losses of the
-'order of four times that of counter flow configura-

tions.

3. The headr6 p~rformance is believed to be relatively
jinsensitive to inlet velocity distribution. This

tentative conclusion~ needs further experimental

4. clo:i:ad:rece to the -theoretical bhape is necessary

for .the parallel flow design but no such c-lose

tolerances are required for the counter flow con-

figuration..

r5., Awo-pass paralle1 f low header- can be- designed

using single-pass theory largely becau~e 6f item (3).
ij'1 6.The infl-uence of flow non-uniformity on heat exchanger

performance deterioration can be calculated in specific

instances: using an extension of the heat exchanger41design theory presented in (5). Generally the penalty
- is greater for high design effectiveness, for

o c approaching unity and for situations where
mm -Qmax

4a "high" for one fluid -stream is opposite a "low" for

the other fluid stream.

7. Using the design basis presented in this report,

22



average deviations from.-flow.unifijnt can be

ex pected to be better than+ -5 P&Jrcent.

8.The obliqiue. Plow 'inlet, free -disdharge confliguzcti6n
descx~±bed in APPENDMc I, Fi~g. 1- _3 pa: be of secial

interest to .air conditionifig as w~ell ab gas turbine

heat 6xchahger desig~hei~d5 Header J1bsses. are- inter-,
mediate. to the counter flow -and parallel :Ploi -con-

fJigurAtions.

oil
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TA- :LE :

HMADER GEOML;TRItS'

I. zor yl orAo" -O A- (or A) A: i _ft2 AWOo- ndhe§ i

nrMLE BEADES
Theory shape 26 r.29: :Fi.::!):2.o6: 0.3:43 8.5 0,97(

Modified theory shapef'.020" 2.08 o.144, 8.17 0.98

Triangular -

(Fig. 19) 2.06 0.143 8.25 0.97

Box (0.636 ratio) 1.35 0.0938 12.60 0.636

Box (0.713 ratio) 1.51 0.105 11.25 0.713
1oX-(0.97 ratio) 2.06 0.143 8.25 0.97

-EXIT HEADERS
Box for'pava llel flow,
counter flow and second
pass of 2-pass parallelflow 2.12- 0.147 (.0

Box for first pass of
2-pass parallel flow 2.10 0.146 (8.1o)

211

- -



TABLE 2
MATRI GEO. ETRY

No., of screen layers 35
Frontal area (17.0" x 10.0"), A- ft 2  1.18- - o

Mesh designation per inch 241 x 24.5
Wire diameter, inches 0.0135 i

Estimated -porosity, :p -0.725 - V
area density, a ft2 ft3  980

hydraulic radius, rh ft 0.740 x- lo 3  f -

flow length, L ft '0.0787
L/rh 106.5

)FIw area to header area ratio, p Am/A 5.98

Stiffeners (HEXCEL) Flow length inches 2 x 1.00
cell size, inches 1/8

wall, inches 0.002

TABLE 3
PREDICTED CORE PRESSURE DROP

Nominal Flow Rate, c lbs/hr 2000 3000 4ooo

(')Mass Velocity, G lbs/hr ft2  2340 3500 4670

Reynolds No., NR 157 235 3a-4(2)Friction factor, f = O(NR,P) 0.61 0.53 0.48

(3 )APmt/h i = fC(/rh)(Ai/pAm)2  1.82 1.58 1.43

(!)Based on p Am as the flow area.

()From ref. (5), Fig. 7-9, p. 130.

(3)Based on Ai = 0.143 ft2  see Table 1 F'
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A1:

box exit. 51L 30s0 4.3 3

4 -trse~ 50w 1997 0.005 O--7 2.25 2.35 2.25 1.9

- ~eoy nlt +02Iu 2 315 .15, 1130 2.06 2.52 2.2g 1.8
spcer and'.boz exIct. 2 05 2W 43
sp/a 0  211 3970 2.53 4;.26 .50 2.56 2.36 .

Paa1e1Yl".31 2010 4.32 1.00 2.29 2.31 1.71 8.

TrIar~ga ne ~ 3 00- 9 2.0 2.56 1-.92 11.0
J, and t~ix exit. 32 3010 25 3-9

tAOA _~-: 33 11015 2.55 81! 1.86 2.52 1.95 11.1

Paralle2 Flow-
ioz inlet -and 10 3000 -12 3.50 1.97 2.75 1.53 21.0
box exit. - 1

Conter Floiw,5 q _ 14 .6 -3 09 .1 .
Box inlet and ~ 16 3010 3286' 0;10 1.88 1.03 0.825 4.2
box exit.-

- 0er.13 117 3985 1.6 - 1.35 1.02 1.3 0.80 6.5,

Box inlet a~nd, 39 2997 2.1 32 1.92 1231 - .861.6
box exit.. .068

/A 0  0.9 110 3985 2.53 3.1 1.83 25 .01.

Counter PaFll W15i11 2 0.635 3.544 2.22 2.37 1229.

Binet and o29xA1 .0 i.2 24 12, 1.

bexit.

(1First pss "oy"

- (Second pass "oy 31 .2 42()19()23()22() 42l
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Fig 9.-

-The skewe~d veloclty profile at
,the exit of the. oultl t of thd
theorpy qhaed'-box headear, Eq-.(3)

- comp~ared -with-ts rsis

-,Pig. 10

Header pearformance for the theory1 shaped .9ingle-pass parallel flow
-Ionfigurat-ion -at wo = 3030- lbs/hr.
Run No. 51. -See Table 4f and Fig.
18 for other details. Note the

I one-dimensional behavior of P
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1.4_ THEORY

1.8

.6-

.5--111

AI

y/yo 0 %
O0> _ __ _

0 .1 .2 .3 .41 -,5 .6 .7' .8 .9 1.0

-FIGURE 9 A
SINGLE - PASS PARALLEL FLOW 'RUN 51

0NE SIDEDWAL INLET HEADERt THEORY SHAPE

0 BTOM WALL. EXIT HEADER- BA IOX

Ft,- P(x)___

hl 2

4 -MASS FLOW RATE '3030 lb/hi

5 VELOCITY HEAD hi 1.42" 0

0 1 .2 . .4 .5 .6 .7 .8 .9 1.0

x FIGURE 10
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V +j

-1i Fig 12

Header perfIormance, for Header performance for
the, modified thery "riangur haed
sh ped, sngle-paqss inlet single-pass
paralael flow cdnfigura- parallel flow qconfigura.
,tin 4a 1t- d) 301 5 lbs/hr. tion at c = 3010 lbs/hr.
Sruni'No. 23. See Table, 4 Run No. 32. Se6 Table 14
ahdeFig. 19 for other.' and Fig., 19 for other
details. details.

F'
z.0

+6

'Fig. 13 F!+g. 14

Header performance for Header performance for
-the +:bbx -shaped- inlet -the'theory shaped-
single-+pass parallel Ai/Ao = 0.636, single--
flow configuration at Pa~s +counter flow
w' 3000 ibs/hr. Run configuration at

No. 10, See Table 4- 3010 lbs/h. Runfor other details. No. 54. See Table 4
-for other details-.

30

4-. '

- '-'+' 4+

'- i'.' '



A, II

'0 1 z

z 0

7 eI

go -E

a o

-g 0

x- - 'o n x

z w -j

-LL 10

0. 
-

>E -
>ijE

Rwii*j



Fig. 1J5

Hetader Derformnance f -or the oVersized,
A:I/A 0  0.,713, single-pass counter
flo;.4cc'nfigurtation at, -w = 3015 lbs/brl,
Run Nto. 46. see Takle 41 f6r other
details..

Fig. 16

'Header uerformance for the Very much
oversizedAiA = 0.97 , single-pass
counter klow, configuration at
(z =-2997 lbs/br-. Run No. 39. See
Table 4 for other details.

Fig. 17

-7 Header performance for the two-pass
parallel flow configuration with
headers shaped according to single-
pass 'thecry at wo = 3012 lbs/br.
Run No. 4l9. See Table 4l for other
details.
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, I o..

used. in run ---'1 n- cmae

Fig. 19

.... Actual geometry of inlet header

foadr or detils. mdfedwt

used in 3uns 50 51 and52 comparedto the theory Eq. (5) See TableI

-- Fig. 19

s Actual geometry of the inlet
.. . header of Fig. 18 modified ith

a 0.020 inch~ frame as used in
runs 22, 23, and 211. Also the

gcometry of the triangular
shaped inlet header as used in
runs 31, 32 and 33.
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.6 /'-- ~ THEORY SHAPE

2 ACTUAL 
A

0 . .2 -3 A .5 .6 .7 .8 ,9 1.0

x
0~ .89 .7 .3 A . 6 .7 .8 .9 1.0V

1.0 .89.76.63.51.39 .29 .2c Oro.0
FIGURE-18[

1.0 ____ INLET HEADER PROFILES

.8
ACUA RIANGULAR

.6

.4THEORY
MODIFIED ACTUAL THAE

2 (0.020" SPACER)

Oil
0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0

FIGURE 19
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APPENDIX i

ANALYSIS OF OBLIQUE FLOW MODELS

The analysis presented here was first developed by Heyda

(3) for the counter flow configuration. This method of
analysis was then used by Wolf (1) for the parallel low-

configuration. The repetition in this appendix is for the f
purpose of summarizing the two solutions and the methodology,

using a uniform -noenciatu3 iE, for the conavenience of the

reader.
The header models analyzed are described in Figs. 1-1

and 1-2. The outlet header analysis will apply to both con-

figurations and will be given- Pirst. Then the inlet header

for the parallel flow configuration will be analyzed followed

-by the inlet header for the counter flow configuration.

The outlet shape is .specified as rectangular V
Y(x) I1

and the pressure profile is derived for a uniform velocity

leaving the matrix, assuming pressure a function of X 6niy,

but allowing the streamline velocity to -be a function of x

and y . Then the inlet header shape is selected to provide

a P(X) which matches the exit header profile thereby main-

taining a constant APmatrix and a uniform flow distribution

(vm = constant) through the matrix, Eee Figs. 3 and 4.

Outlet Header

When the Navier-Stokes equations are expanded for steady,

-constant density, inviscid flow, the y-gradient of the pres-

sure may be expressed

P P-o v av /

But as P is specified to be a function of x only, the

y-pressure gradient is zeroand this condition imposed on
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Eq.,( -leads to -

v - constant (=v) -

The Navler-Stokes equations may also be integrated along the

:Streamline originating at point t of FJgs. I-I and I-2 to

yield the Berxioull -equation for incompressible flow

e"o 2 2o 2

in light ofEq. *(1-2) this reduces to,

From the conservation of matter Principle, for density a

-constant, applied to the stream tube bounded by the streamlines

originating at t and t + dt (using the coordinates of

Fig. i-i)

- (u dy) =vmdt (I-4)

Using this result for u and substituting into Eq. (1-3)

yields

:-4=: "° -dy =V m Vpo/2g (-)5 ' P~ Vt) - P(x) 1

This, equation may be integrated to yield the wall contour

YwallX) by integrating between the limits

for t = 0, y Ywall(X)

for t =xy = 0

T'us,
0 t=x dtYwllX)= "f dy = " Vm.VP°12ge dPt) Px(I6

Ywllx fwl (xv

Ywi~)0 TP ~t) _p4 U))I(16

t Also vmL uo YO



Thisi- is a Volterra improper integral equation which has been.I
'solved by Hetfa for some simple header shapess, ywqajj M (3-)..
Foir the box header shapet considered here wa I is con~tant
and the solution y-ields

(x p0) - 2 t
j2

if the-orig-in for x is taken at the outlet header section
farthest away from the exit, this result will apply for the
outlet box header for both the parallel and couihter flow con-

figurations Figs. J1-l and 11-2-.
With the pressure profile known one can determine the

exitI- velocity u0  as afunction of Yx=L (Fig-. i-i clodrdinates).j
From the Bernoulli equation .(1-3-)-

u2
P(t) -P(L) PO 2g

But

P(-- P (L)- = Ko) P P(Q) I IPM() P(t-)]}j

- -ho - ho -( ) -h0  'l

21

from Eq. (1-7). Equating (1-8) and (1-9)

u 0  _ ,t) 2

uo,ave - 1(l)

tThe box header provi~des the smallest pressure drop for a
given exit area.
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T -2

00

-si

varibe fond ntL. n suot tingifi Eqaio xi-4 her n
desre e i teocitiru6 asg dui t nof.

fY o d 3 22

aeaavctThe rsult. Iss

Ths quton mcta eudt ra tte actua 3exi iei

(-~ o _ u )u3) 6 - 0
________ oave - si -7/

_ 2 1 .645 (1-13)6

4 where- e ( L~

-Equations (I-1),~ (1-12), and (1-131) are the important
results for the exit-box header used for both the single-pass
parallel flow and counter flow configurations, The Idealiza-
tions and specifications iniolved are as follows:

41 1. Constant density flow, p = p0
2. The flow through th arxi nfrvm= constant.

Jt 3. Pressure is a function of x only-

4. Zero flow stream mechanical energy dissipation.
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Inlet Header, Paral lel Flow
For this analysis it Is idealized that pressure and

-velocity are essentially functions of' x -only and that the

density is constant. Then the Bernoul-li equation-f'Ox loss-
f'ree flow when applied to the streamline6 of' Fig. 1-1 -is

p - P ~ _) ~L u j (1-14)

For -c6ns'ant density flow the conpekvation of' matter principle

provides the following. felations f'or a unif'orm input velocity,

=u constant , and -unif'orm f'low distribution through the

core, . constant.

uzi "'zwall vx~m ) L
Liz l =vm (L -x) (-5

u~ipi uoa~b Yo Po,

that of' the exit header Eq. (J-7). o

Pi - P(x) ho () (1-16)[

Combining Eqs. (1-16), (1-15), and (1-14) to eliminate P

and u provides the desired inlet header shape zal as a

function of' x-

2 Z4L y 1

or2

2 (l-X)2

* 2- (f)~ 2 + (Y61~2

where Z = Zwall /yo and X =x/L
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Note - l - -- - - ----

- 2,

header shape ba~ into the co~tinuity

e qu4Viox' *--5 ill yield the inlet header velocity 4s a

function 9,f- k

(-, j -X + 1 (-1)
i Po 0o-

This rela"ftnay be used, to establish the kinet;ic energy

per unit mass of the fjlow leaving the inlet header and passing

into tecore .~

j3 -; pivm dx (1-49a)

Ym i 0 g

'The~ result is -1+082(j(i lb

12 22

Note the difference relative to Eq. (U-13) where the kinetic

energy term involves a -(u 3 )e- istead- of a (-U )ave a

above.

The important results for the inlet header in the single

pass Parallel flow configuration are Equations (i-16), (I-17)y

(1-18). and (I-.19b). The idealizations and specif~ications
involved are as follows:

Vj1. Constant density flow,,p p constant.

2. Both pressure and velocity are essentially

functions of x only.
3. Zero flow stream mechanical energy dissipation.

t1
Noethat v in Eq. (11a is the matrix velocity based §

on A at t~le inlet face of the matrix, in contrast to the
v pTctured in Fig. 1-1 which 'is the matrix velocity at the
outlet face.

'~ ~;38
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poll.

4,. The flow, through the matVrix is uniform, v~ccnfiant.

5. The entering ilo is of'uniform velodity,, ui~ constant.
6. The pressure Drofile matche5s that of the exit box

header.

Inlet Header, Counter Flow

For this analysis, as for the-paral-lel flow inlet head er,,
it is ideAliied-that pressure and velo6city are- essenitially,
functions of x oply-and that the density-~is constant- Then

the 3ernoulli equation fbi' lobs-free flow applied to the stream-

line indicated in Fig,. 1-2 is the same as (Iib.Also from
the ConberVation of -matter principle the (1-15) set-of eqt;a-

tions apply. However, in order tL-; satisfy a pressure -,ma'tch,
wi th the -exit *header, -Eq. (T1) requi res a shift in coordinates A0
because of the counter floiw confLiguration.. The pressure

rprofile then becomes

P~) =~h4i-( - )2]' (1-20)

That is, the inlet header now Yhasi to Ainctfon as a diffuser,
with a flow deceleration in contrast; to the parallel flow
situatlin where t4he flow is accelerated. Combining the
Bernoulli equation (1-1'.) With continuity, Eq-.-~5) -and-
the pressure -iatch condition, Eq,. .(1-20), -so as to eliminate
P-and u provides the desired inlet shape 'zal as

function of x

2(1 2)
(221

To avoid imaginary values for Z it is necessary that the

denominator of Eq. (1-21) be positive or [!

2r 2
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9. - • - - _

b- I taxium iue of,'the right hand- ssde is (pi/p0 )(tr/4)
%for- )t -z

2 , $/1 =o67 -PTW

..Following, He~a (3), this .value~i-Or zi~y6 will be Accepted

as,~ the, "e1conomic stl as smaller magnitudes would have A
higher hi and higher,losses of' kinetic. energy w~hen the flow
enters the matrix,. When this optimum (zi/yo)magnitudeis

introduced intp Eq. (I-21) the optimum header shape becomes,

'2 4 -_M 2
Z = d".2 _ .constant "'1-22)'

That is the fptimum,inlet shape ii also a box header.

,Subtitution of this header shape back into the con-

tinuity -equation (T-15) yields the Inlet header velocity as

' function ,of' x -

Ui

Following the prodedure used in establishing Eq, (.I-19b,) the

kinetic .energy per unit mass leaving the inlet header and

passing into the core is

2V -E! -._(m)ave "(1-24

The- important results for the inlet header in the single
pass counter flow configuration Eire equations (i!-20),-2)

'(I-23) and (1-24). The idealizations§ and specilficati~ns

involved are the same gs+ for the inlet header for the parale.

flow configuration and are listed following Eq. (-1-19b).

Oblique *Flow- Inlet, Free Discha sge

A technically interesting variation of the parallel flow

configuration is pictured in Fig. 1-3. If the oqtlet header

is made very deep, (yo'.4 c), the outlet pressure profile becomes04o



uniform. This is also- the situatin for the tree discharge

configuration shown in Fig. 1-3. This header c6nfiguration

is quite commonly found in air conditioning exchangers where,

the free discharge of the conditioned air is directed into

the room. It wQuld alboS bd the situation on the hot ga5 side

of a gas turbine regenerator discharging .traight up an

exhaust stack. Under these circdustanCes Eq. (17) for the f
inlet header shape reduces to J

wall

That is a triangular shape. This solution is the same as

presented by Loeffler and, Perlmutter (4).

This result can also be derived directly from the

Bernoulli equation (I-14), and conservation of matter equa-

tion (1-15) and the pressure profile matching condition. From-

Eq. (I-i4) and the pressure profile matching condition,

P(x) = constant

U = ui = constant,

Then, from the second of Eqs. (,4"15)

vwall 'vmL(I X) vm L(l - X)

Zi z u z-Ii Ui Ui i
Introducing uitz = vmL from the first of Eqs. (1-15) yields

Eq'. (1-25).
From Eq. (L-19a), the defining equation for KE/M, j

,(KE/w) = 26)

This also comes directly from Eq. (I-19b)- for yo 0
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jj-,-~The mathematical model f~orh
- .singlie-pass pa.rallel, -?16W, con-

fiurt nf showing the streami.
-ifie a'nalyzed..

IThe Faheaiga. model Tfor the

single-pas6 66unt6' 'flow con-

figdiration .sh~wing the stream

Fig. -

The oblique flow' inlet, free
dip 6ha,e, moderl as a limiting
case of' the parallel flow,
conf igixration,.
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PED- It

FUR. C PPTND ORTE -BT -,SSE

~ ~< The te t s em, was-described nte et Tables 1 to 3

~ ard i ge ~ t~~ iid18 d19.T~epurp "seg of this
- 4 ppendix_,.ae to describe some, of thedetaiso o~Put~

0 bs'zome of, the details, of- te;st. -datd, evalua:Uo.

iHeadef -Cistti-ion -
The aders consisted of. -a, boxc sheet met~al shell With

e1aceable wo~oe inserts3 -used to- ,;poid th eie e ty

These are-pi~tured- in~ the photographs 'Figs- II-l and 11-2.
4 The .narrowz~ --ide-walIj,,pressure_ tap-s were- ajocated on -one,

-- -the two side, a'. as s6hown in Fig. 11;-2'. The pressute-
taps,-along the broad wll c66nsist~d of tbrass t..beb- pressed,

-through holq~o in 'the ,qood and the sheet -me.al- The 1/8-- Inch,

outer diameter tube eind was f iniLhed, flush with the contoured-
wooen~sr~ae.A ~pof thin transparent adhesive tape,

4~~ 3/-oh wide., 'placed' oVer the tube ends- and p~iPforatod Trdrn

thev ins-iQe ioft with a; hne dle, lbrovideid f~r,,ae rodynAmiba&l y
clean--condiins arbundi ,the pressure samplVing hole.

The us e 'of HEXCEL, sti~ffeners, as, decribed in, Fig. 8,
'Prevented' bu,1ging and- sa~ging of the, screen ryAtrix so that
the flow geolmetry of the ins t&I led, edeswas in fact close

to the desikg gometry. That such at~ffenerb were necessary
can be seen from R!i, 8;-0.-inch bulge of the edge-
supported screen .p~ck, correspnding to a HZ of Q.'05, could

Icomple tely- -block the f1lc,,w to the :natrlx in the region, beyond
X =0G85 . Some of the tetat besultO reported earliejP, Ref'.

(1):,, were somewhat invalid because stiffeners were not -used

and screen bulging did indeed occur.

Cal culation Meethod s

As deucribed in the text, the meaaured P(x() in both the

inlet and exit headers were plotted as in Fig. 10. An average

of' the side-wall and broad-wall pressure readings was used to
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fai in -th li Coearemn bten teto eso

Ohe~~~~~~~~ of th : ~~iains f h nl;i6- ae ht

~pressure',was a- function of' xc nly.. These pressure- lines
allowed At direct reading, for- ~~APr as a f unctioti of, :k
Theht the'-A was fused As, be-ing proportibnal 'to the

velodty, through the md-rix *Here it is implied that

the mattix function f0-tor is a consbtant. To the contrary, 4
f varies as- V to the -.0.54 pbwer., as can be. seen from

the 'Table 3 Oftrjes, so that Vmvaries as APrte
14uhan . The net effect of this corrledt',pn is to increase.
th-e hion;-Unif'orrity factors in'Table-4 by .20 percent to 1.2
t',Jmes the -valties reported;, -As. thlip change is. not considered
to be signif'±cant 'in the p resent contexit it was not made.

Comp.4rison o6f' Predicted and Measured APmti

In 'Table 3 -a: Prediction- for- matrix, prebsure- -drop- is.
Presented,. The ratio of test to predicted APmri maghitude s
is about 1.2 ' on the AV~rAgp (runs '50, 51 -and' 52'-ot TabI6 A) .
TPhis discrepancy iiay be due to- a combination of' the following: [

1. The estimated' screen porosity of' 0.725 ffay be in

error. If it is 5 percent too high the predictions- -

would be brbtht into dgree~ment -with thk test values.
2 . The stiffeners unqdoubtedly contribute a -small -per-

centage to the frictional drag and this was not
allowed for in the calcuir Aons of' Table 3,
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