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Infroduction

IN energy conversion systems involving gas flow
heat exchangers, the header configurations have a definitive in-
fluence on system envelope geometry. The regenerative cycle
gas turbine engine is an extreme example of such a system. The
highly compact surfaces employed tend to result in cores of large
frontal area and short flow length. The sketch, Fig. 1, illustrates
a falded core coneept used to reduce the header volume. How-
ever, if the pressure drop across the core is not uniform the flow
distribution over the transfer surfaces will not be uniform and a
serious reduction in heat exchanger performance msy be the
penalty.

From this viewpoint, the demgn objective for the header is to
provide for aceeptably uniform flow with acceptable system
geometry and flow stream mechanical energy losses. Tn effect,
uniformity of flow distribution is the dominating function of
the headers.

Wilson [1]! deseribes a design method where the inflow to the
header is roughly normal to the heat transfer core face. In con-
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Fig. 1 Folded core heal exchanger illystrating an oblique flow header
conflguration

trast, this presentation is concerned with headers where the in-
flow iz parallel to the heat transfer core face. The configurations
considered specifically are described in Fig. 2.

This presentation is » condensation: of the theorstical and ex-
perimental results reported in [2, 3]. The theory treats with
three of the four configurations in Fig. 2, namely, the parallel
flow, counterfiow, and free discharge geometries. The experi-
mental work was largely confined to the parallel and eounter-
flow configurations; however, some limited testing was done with
the two-pass parallel flow configuration in Fig. 2, with the view
to investigate the validity of applying the single-pass theory to
the two-pass situation, One of the idealizations of the theory

Nomenclature
4 = flow ares, sq ft 7, = hydraulic radius for flow through o = matrix friction area per unit vol-
‘g, = proportionality factor in New- the matrix, ft ume, ft aq/cuft
ton's- Second TLaw = 32.2 ¢t = the z-coordinate along the matrix § = on velocity means deviation fmm
(b /# ¥ ft/sec?) face in Fig. 19 average
¢ = flow mass velocity = velocity u = the fluid velocity compenent in A = on pressure means pressuré drop
: ¥ p,1b/hraq £t the y-direction, fps € = effectiveness
h = velocity head = ptiave’/20, #/ v = the Auid velocity component in p = fluid density, pef ’
i 8q ft, in. of Yvatﬁr the y-direction, fps w = airflow rate, Ib/sec,1b/hr
KE = flow stream kinetic energy rate ft w = the fluid velocity along a stream- S .

#/sec a
! = flow length through matrix, ft line, fps

L = longdimension of header, ft £ = Fig 4. ft
Ngr = Reynolds number, dimensionless X = ng' '
p = matrix porosity, flew void space/ =2/
. matrix volume, dimensionless . ¥ =
P = fluid pressure, ,F/sq ft, in. of . Fig. 4, ft
. ... water .. .- I _.¥,= ﬂnllfyﬂ
AP = pressuredrop, {/sq ft. p31 in. By
of water (see equatmn ) for .. __‘_Flg 4,1t
APy e e B Zwmi /Y0 .
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Cartesian coordinate defined in .

Cartmmn coordinate defined in

= Cart.esmn coordmat.e deﬁned in - Mucallaneotl!

4, denotes inlet of inlet header
m, denotes matrix < 7
0, denotes outlet of exit header -
t, denotes “total” in chstdnctlo% to ﬁh}lﬁl{:
= P + h ke .
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Fig. 2 The four types of ohlique flow head Experi tal results

obtained only for the single-pass parallel low and counterflow con-
figurations, and for the two-pass parallel flow configuration.

is that the velocity profile is uniform at the inlet of the inlet
header. Skewed velocity profiles, such as deseribed in Fig. 3,
were investigated experimentally to determine if the theory pre-
dictions were reasonably valid for actual design situations where
the inlet profile is generally not uniform. :
The theoretical methodology is largely based on the work of
Perlmutter and Heyda [4, 5]. The mathematical model for the
exit header analysis differs for these two authors and the Heyda
model is selected for the present, treatment as it is well substan-
tiated experimentally. The analysis of header losses into inlet
and exit components and the allowance for different fluid densi-
ties for the inlet and exit headers represent a simple, new con-
tribution to the theory. Tt is believed that these extensions and
the summary of results into convenient equations will be of value
to the heat exchanger designer, B
The specific purposes of this presentation are to:

1 Summarize the analytical results, including a detailed
analysis of losses, for the three single-pass configurations—
pa,ra.llel ﬂow, counterﬂow, and free discharge.

2 Present test results for the single-pass parallel flow and
counterflow configurations and for the two-pass parallel flow
configuration, both for ‘‘theory-shaped” headers and for other
shapes not conforming to the theory. These resulis are for a
fairly uniform, turbulent-type velocity distribution at the inlet,
Fig. 3(d). ) _

3 DPresent tést results and hrcuted theory results for the
influence of nonuniform velocity profiles at the header inlet.
These results are for the smgIe—pa.ss parallel flow and ccmnter—
flow configurations.

4 Tllustrate the application of the results to the design of
practical oblique flow headers for beat exchangers.

Theory Results

The mathematical models analyzed for the para.llel flow,
counterflow, and free dlscharge configurations are descnbed in
F}g 4. The applicable idealizations follow: ... ..

1 "Inlet a.nd ex1t header denmtam are sepamtely constant.
«l91 Thlet Héader veloclty, 47is Uniform at = = 0.
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Fig. 3 Inlet velecity profiles: (a} Fu;rornble skew, lineor, (b) unfavor.
uble skew, linear; (c) fovorable skew, sine; (d) typical turbulent prefile
characteristic of the first series of tests

3 The flow velocity in the inlet header is a funetion of z only.

4 The inlet header pressure is a function of x only.

3 The exit header pressure is a function of z only, but the
velocity has a two-dimensional variation.

6 The inlet and exit header flows are loss-iree {inviscid).

The conditions imposed on the system are:

1 The exit header has a box shape

¥Y{X) = 10r ywann /50 = 1.

2 The mass flow distribution through the matrix is uniform;
ie, ¢, = const flowing into the exit header.

3 In order to provide for 2 it is necessary to shape the inlet
header so that the inlet pressure profile P(z) matches the exit
pressure profile to make APwains constant with = (see Fig. 4).

The important results of the analysis are:

1 P{x)for the headers.

ug(y) for the velocity at the exit of the exit header.
Required shape of the inlet header Z{x).

u(z) for the velocity in the inlet, header.

5 Loss components chargeable to the inlet and exit headers.

B 00 LD

The details of the derivations are presented in the Appendix.

It is evident from the foregoing that the treatment is one-
dimensionalized with respect to pressure in both headers and
also velocity in the inlet header, but the outlet header velocity
u(z,y) 18 two-dimengional.  As will be shown, the one-dimensional
idealization for pressure is justified by experiment. The justi-

. fication for seleeting a box shape of the ex1t header is that it

vields & minimum pressure drop [4, 5].

Even though the flow in each of the headers is loss-free, ac-
cording to ideslization (6}, there is a header loss chargeable to the
inlet and exit header and matrix system. 7This loss has two
sources: (@) The kinetic energy dissipation as the flow leaves

.the inlet header at a fairly high velocity and collides with the

matrix, and (b) the kinetic energy “excess” in the exit header
associated with the nonuniform velocity profile us(y) shown in
Fig. 4(a, b). The header loss is defined as the loss in the total
pressure that is not chargeable to the matrix; namely,

AP, Py — Pot) — APuatea

B i, (1)

As the dynamic head ks in the exit total pressure Py, is based on
a bulk average s ave, a0Y nonumformn:y in ug W]ll 8ppear as a
“hookkeeping'? loss in kinetic energy. :
The experimental ev1dence supportmg these :deahza.tmns will
sl .
The important ana]ytlca,l resu]ts for t.he smgle—pa.ss parallel
Jlow header ¢onfiguration, Fig. 4(a), follow:
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Exit Header. Box configuration ¥{X} = 1 (imposed conditlon
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= 2
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2 2 . 2 . 32
S ):"" =14 (i) =1+ 082f (2—) (6b)
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Note that from continuity

2
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The mathematical model for the counterflow header con-
figuration is deseribed in Fig. 4{b). In contrast to the parsllel
flow configuration, the inlet header functions as & diffuser to de-
ceterate the flow. The outlet header behaves exactly like that
for the parallel flow configuration with s flow acceleration and a
drop in pressure in the fow direction.

The important analytical results for the single-pass coum.erﬂow
configuration follow:

Exit Hender. Box configuration ¥{X) = 1 (imposed cunaition {1)).
Pi — P(X)  APmuix T

Pressure, T = 1 1-00-Xx) @
. e _m (T Y :
Velocity, e 2 Bll? ( 5 yu) _ (8a)
{2 )ave. 1r' ' o
— = 1. . . b
= , 1‘545__ o (8B)
Intet Header S ’ . ‘{_: ! . . ‘
Pressure, L0 = Pr b (‘) ilaz X)’] "
h; M\
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Fig. 4 Mathematical models for the theoretical analysis

,
== ‘@’ = 0.635\@’ (10)
ko Py P .

(A box header is required for a minimum inlet header loss.)

Geometry,

Velocity, uﬁ = (1-X) © (11a)
(4 )ave 1
o =3 (11b)

Note that from equation (10) and continuity

. .\ 2 . )
ho B (z—) =% _ 0405 Y (1le)
ki B\ !

. In contrast to the parallel flow configuration, where the inlet
header dimension #; can be either larger or smaller than the outlet

dimension g, for counterflow z; must be 0.636 yn‘\/ {po/py) in
order to assure the matching pressure profile needed for uniform
flow distribution and for a minimum header loss. This point is
‘established in the derivations presented in the Appendix

The free discharge header configuration is s special case of the

‘parallel flow configuration with the exit header dimension y, going

to infinity, as indicated in Fig. 4(¢). This header configuration
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i qmtc commonly encountered in alr—cond:tmnmg beat exchanger
_installations and may also be of interest in'a gas turbine regenera-
: tor.djschargmg stralgh’b into an exhaust stack. The discharge

pressure is uniform for this mt.uatlon 80 the mlet. hea.der must be

shaped to yield a uniform pressure. This pressure match condi-
tion requires a triangular shape, with umform veloclty -

Geometry, Z = (1 — X (12)
Velocity, %*=1 (12a)

2 e )
bﬁ—(uu?;‘ -1 (13b)

In the following consideration the overall loss of flow stream
mechanical energy, equation (1), will be analyzed in terms of ita
two components: (e} The kinetic energy dissipation as the
flow leaves the inlet header, and (b) the kinetic energy “excess”
associated with the nonuniform velocity profile 1o{y), shuwn in
Fig. 4, which is chargeable to the exit header.

For the paraliel flow configuration from equations (2} and (6c),
equation (1} becomes

— — —1]=1467=1{ = 1
n \k + m\w) T
Ro
= 1.457 —. +1 (14:)

For the counterflow configuration, from equatlona {7) and

{11e¢), equation (1) becomes

AP, by 4

— =1 =1 - — = 059

h; h,- e ?

Two interesting design conclusions are immediately evident;
namely, (@) the optimum counterflow configuration has the much
smaller loss, and (b) unlike the parallel flow situation, the counter-
flow loss does not depend on inlet to outlet flow stream density
ratio. A typical paraliel flow design would be with

-
o Pi,

g0 that AP,/h; = 2.467, 4.15 times the comparable counterflow

loss.
For the free discharge configuration the exit header losz is nil.

P{)\szu,P;,t=Pi+h€.
ﬂPmntrix = (P;—Pﬂ)

and equation (1) becomes

(13)

or by = Ry

Ap,
.

=1 {16}

In comparison with equations (14) and (15), it is seeu that the
header loss for the oblique flow inlet, free discharge configuration
is intermediate to the parallel flow and counterflow configura-
tions.

Tt is of interest to analyze the total header loss into components
chargeable to the inlet and the exit headers, respectively.

For the inlet header, the loss is postulated to be all the kinetic
energy leaving the header and entenng the matrix where it is
dissipated, with no pressure rise, aud appears a8 an Increase of
enthalpy of the flow. :

KEinet 1

L . Y
@ piLv, j; B 2g. ? )

But.ﬂ,,, = const with z and so is py; thusthemlqtlos; be‘n;qﬁleé' .
d s CInletloss _ (wrd
Dk R

Al T e e 8] Froendaend oneainiet e g i
By. equatlons {ﬁb) and (Gc) for the mlet hea.der .of .the parallel
Jot.copfiguration Tl baseoiiel sy 2hehed

214 / ruLy 1988

Inlet loss ; xt (h.;) (175)

ke 12 \h
By equation (113) for the mlet header of the mun!erﬂow con-
ﬁguratmn

et
_ Inlet loss _1

hi’ B 3 -
By equation {13b) for the inlet header of the free discharge con-
figuration

(17¢)

Inlet loss
ky

“For the exit header for both the counterflow and parallel flow
configurations the loss is the kinetie energy “'excess” associated
with the nonuniform velocity profile z(y) at the exit section,
This quantity is in excess over ky which is based on a bulk average
velocity by convention. So, essentially, this is a bookkeeping
rather than a real loss. The kinetic energy associated with the
nonuniform velocity profile us(y) at the outlet header exit is

KE, 1 [ ( ) ug? 2 1 (200% Jave
- = - ) — = —— —
(&) HoPolp ave 0 Putt 294_- v (uﬂ,svﬂ ) 2gc

=1 (17d)

The excess kinetic energy head above the nomina! magnitude
evaluated using a bulk average velocity is
Exit loss _ po excess Kly/w (g )avs

= -1
ko fig (to,ave )8

2

6

where the numerical result comes from equation (35).

Adding the appropriate components will yield the total header
losses previously derived in equations (14-16). For instance,
for the parallel flow configuration from equations {175) and {18)

AP;_ '-‘Iffiu L ko Fo _i
h;"”l(h‘-)”*(s l)h,- h,-[ T 1]

which is the same as equation (i4).

In summary, the postulated “loss~free’” flow theory for the
headers provides expressions for the losses to be charged to
the headers in the header-matrix complex. Equations (14-16)
provide the total header losses and equations (17h, ¢, d) pro-
vide the inlet header contribution, while equation (18) provides
the exit header contribution.

One of the idealizations of the foregeing theory is that the inlet
header velocity u, is uniform at z = 0, Fig. 4. The following
consideration is for the effeet of a nonuntform or skewed inlet
veloeity profile, such as deseribed in Fig. 3. The results are
quite approximate because of the simplifications made in the
analysis; they will, however, provide a basis for rationalizing
the test results.

In the previous treatment for the inlet header loss, two sources
were noted, namely:

1 The kinetic energy of the fluid leaving the mlet. header and
dissipating in the matrix.

2 A bookkeeping loss due to the nonuniform ‘exit veldeity
producing an exeess kinetic energy over that credited to the
header which is calculated for a bulk average velocity.

For a skewed inlet proﬁle, a third component must be included,
namely:

3 AT bookkeepmg gain associated with the “‘excess’ kinetic
energy at the inlet of the mlet. header due to the nonuniform

udz).

The loss chargeable tu the inlet header is the difference between
that part of the kinetic energy leaving the inlet header which ig
dissipated upon impact with the matriz and the exeess kinetic
energy, due to ﬁow nonumform.lty, entering ¢ the 1nlet header,

kS

namely,” R Y e
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= 0.645 (18)
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Intet loss) e hb/w) — KE/w)
hu" churgenhle . h‘/p dissipated - | h:/P-n ,exues.g .
(;: en_tanng
e

The chargeable loss is less than the sctual loss due to the book-
weeping gain of the excess kinetic energy at the inlet and not
neluded in P ,.

The actual lvss of the How leaving the inlet header is that part
of the kinetic energy leaving the inlet header and entering the
matrix which is dissipated, with no pressure rise, and appears as
an increase of the enthalpy of the flow

KE/’w) ~ KE/m) b (20)
hi/p. / dissipated hi/pi /leaving 2g.k;
inlet header
The matrix dynamic head term, the last term in equation (20),
is generally negligibly small for 4,/4,, ratios less than 1/5.
The kinetic energy leaving the inlet header {entering the ma-
trix) may be considered to consist of three parts:

'(a) h; = the nominal kinetic energy entering the inlet header.

(6) p.KE/®lexcess = the excess over nominal kinetic energy
enfering ’ .

entering the inlet header.
{c) p,KE/wlproduced = the reversible header flow production of
kinetic energy due to the inlet header pressure profile P(X).

This production of kinetic energy is positive for the parallel fow
header, which acts as a nozzle, and negative for the counter-
flow header, which acts as & diffuser. A uniform »,, is one of the
important conditions previously imposed on the header heat ex-
changer system; and as before, inviseid or loss-free flow is speci-
fied as an idealization. As a result, the production of kinetic
energy term depends only on P(X), irrespective of the inlet
velocity profile.  The actusl loss is then

ko) - KEke)
hi/pi dissipated hg/P,‘ produced
KE h a2
! “’) T
hi/p; / excess hy 2g.h;
ent.ering

2g h s may be neglected

eompared to h/h; (approximately 1 percent error since A,/4,,
1/8 for the parallel flow test header and 4,/4,, = 1/12 for the
counterfow test header).

The loss chargeable to the inlet header, equation (19), is the
actual loss minus the excess kinetie energy at the inlet, because
only the nominal kinetic energy is credited to the P;,. Thus
.he chargeable inlet header loss is

Infet loss KE/w
_— = + 1 {22)
h; chargeable A, /P produced .

The term for the matrix dynamic head

As the kinetie energy produced is independent ‘of the inlet ve-

acity profile, depending only on P{X), it is to be expected that
he loss chargeable to the inlet header will be independent of the
nlet velocity profiles. Moreover, if one accepts the approxima-

ion that P(X) in the inlet header with a skewed inlet profile is .

ssentially that for the same theory shape header with the uniform
rofile, it follows that the previously developed expressions,
-quations (175, ¢, d) will also apply. That is, inlet profile shape
loes not have a strong influence on total? header loss as defined
1 equation {1). This conelusion, in view of the approximations
ntroduced in the development, requires some experimental in-.
it to determine the degree of nonum.formlty that can be toler-

ited in the inlet, pmﬁIe shape.., Obwously very strong nonunl-'

2 If the matnx ﬂow dlstnbutmn ls umform. 11... = connt" the ent
:eader eontribution to the total loss will not ba mﬂuanced by the m-
et profile and equation (18) isapplicable.:. '
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Fig. & Screen matrix and HEXCEL stiffeners

formities u,(z) will significantly influence P{X) and the uni-
formity of the matrix flowv,,,.

Experimental Results

After a brief deseription of the test system, data will be pre-
sented supporting the idealizations made in the analysis. A flow
nonuniformity eriterion will be developed and the actual header
performance ‘will be presented in terms of pressure profile,
header total head loss, and flow nonuniformity. Theory-shaped
headers will be considered and also designs that differ from the
theory. The performance of a4 two-pass parallel flow configura-
tion will also be presented to indicate the type of extrapolation
one may make of the single-pass theory. The foregoing results
are all for a turbulent-type velocity profile, Fig. 3(d), at the inlet
of the inlet header. After this' presentation, the results for
various skewed inlet velocity proﬁles such as m Flgs 3(a, b, c}
are presented. i e

Tesi Sys‘lem 7

The flow system for the single-pass parallel Aow configuration
is shown schematically in Fig. 5. The matrix arrangement con=
sisting of two HEXCEL stifTeners and seven pads of five screens
each is shown in Fig. 6. The stiffeners proved to be very effective
in elxmmatmg header-shape distortions due to the screens bulging
and sagging. - Wooden insérts introduced into the box-shaped
sheet metal header provided the test shapes for the inlet header, /.

Eight header sets were tested. Four of these are single-pass
parallel flow configurations, three are counterflow, and one is a
two-pass parallel flow: configuratién, Fig. 2. Table 1 provides
the important dimensions for the ‘,headers, -and Table 2 pro-
vides the matrix mformatmn. More details on the test system
are available in (2, 3, 7]. done et sl 1F T
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Table 1 Header gaomeiries )
zilorm), Ai(ordy), __Am  Ai_ =
Co ‘ v in. aq ft Ador Ag) Ao
Inlet headers . ' ‘
Theory shape - " o
dxg 16) . 2.06 0.143 - 8.25 - 0.97
ed theory ) :
shape (0.020-in. : .
frame, Fig. 17) 2.08 0.144 8.17 " 0.98
Trizngular
(Fig. 17) 2.06 0.143 8.25 0.97
Box {0.636 ratio) 1.35 0.0938 12.60 0.836
Box (0.713 ratio) 1.51 0.105 11.25 0.713
Box (0.97 ratio) 2.06 0.143 8.25 0.97
Exit headers T '
Box for parallel
flow, counter-
= flow, andsecond : R T T T
- pass of 2-pass R ~ e Ll e
= parallel flow {2.12) (0.147) ~{8.00) ... T
“Box for first pass T
. of 2-pass parallel
flow (8.10)

(2.10) (0.148) -

Table 2 Matrix geomelry

Number of screen layers 35
Fronta] area (17.0 in. X 10.0 in.), 4 sq ft 1.18

Mesh designation per in. 24 X 24.5
Wire diameter, in. (¢.0135
Estimated por051ty 0.725

‘aren density, a sq ft/cu ft 980

hydraulic radius, rs ft 0.740 X 103
flow length, I ft 0.0787
Ifrs 106.5
Stiffaners {HEXCEL) Flow length, in. 2% 1.00
cell size, in. . 1/8
wall, in. 0.002

Experimental Verification of ldealizations

For the box exit header, one verification of the idealizations
leading to the analytical results, equations (2), (3e, b} and (7},
(8a, b), is provided by a eomparison of the measured exit velocity
profile with the theory prediction, equations (3a), (8e). This
is done in Fig. 7 and the agreement is excellent.

The validity of the idealization of pressure as a function of =
only, in both the inlet and exit headers, is provided by a com-
parison of the narrow side-wall pressure tap readings with tHose
of the bottom and top walls. The side-wall taps are located at
a plane about one fourth of the side-wall dimension from the
matrix stiffener face for both the inlet and cutlet headers. These
comparisons are presented in Fig. 8 by the different types of
data points for the experimental pressure profile. The close
agreement of the two sets of pressure readings strongly supports
the one-dimensional idealization for the pressure.

Flow Uniformity Criterion

Before presenting the header performance, it is necessary to

specify & criterion that is descriptive of flow nonuniformity
through the matrix. . It is necessary that this criterion be readily
evaluated from test results and be usable by the designer to esti-
mate the heat transfer performance penalty due to the nonuni-
formity. Tig. 8 presents a typical set of pressure data. Alfter
the pressure profiles are plotted, the APmauis/h; is read from the
graph at 11 equally spaced abscissa values over the range 0 <

X <-1. The ‘\/ APmawriz/h; is then calculated and v,,./vm ave
is formed a8 ;. -

i Uin : \/Apmhm/h , Cavey

o ol “Um.ave \/ APmatrix/ )uve B i

LI H

rule is used to

L3 i
The 11 ordma.te trapezmd

+fortn s, the
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header. Equation (3g) compared with the fest results.
= 412 percent.
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Fig. 8 Single-pass parallel flow header performance for the theery
shaped inlet, Fig. 16. Note the one-dimensional behavier for the pressure.

‘\/APmmx/h‘-)m. The departure of v,,/tm.ave from unity is the
velocity deviation from the average
&v,, e 11
U ,ave m,ave

The average deviation of the velocity deviation is taken as the
crilerion of nonuniformaty.

. . 0,
Flow nonuniformity = ( )
AvVE

P ave

The trapezoid rule ¢ again used to form this average.

To estimate the penalty in heat transfer performance assoei-
ated with a specified nonuniformity, it is recornmended that the
flow distribution be treated as suffering a step change (i) equa[
to the nonuniformity magnitude, :

Clearly the flow nonuniformity factor is a chamcterlstlc of the
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Table 3 Summary of lesl resulis

Inlet vel Pressure Drops 5m
. Headerd t' s Test - F]_Ol?; ;alfr,e h‘h%alg_o AP;::H\I[ API:!ALI‘{I AP’r:atlut AP:.;:a.darl (vm,:yv‘, ave
eader ascnp 160 e & 1bs; . 0] ¢ TR i i ;
Paraliel fow o g e 1997 0.615 " 4.54 - 2,20 - 234~ 2,31
Theory inlet snd box exit.- 1 . -3030 1,42 4,30 1,98 . 2.46.. . 2.38 . .
Aifdy = 097 .. 52 7 3995 ..~ 2.49 4,27 1.88 2150 e 2045
Parallel flow - 22 2000 0.637 4.46  2.26 2.35 2.24
Theotri'ybmlet +0. 020—1n Spacer 23 3015 1.45 4.30 2.06 2.52 2.28
and box exit.
Aif4 = 098 ’ 24 3970 2.53 4.26 1.90 2.56 2.40 2.2
Parallel flow’ 31 . 2010 0.632 4.00 2.29 2.3 LT - 8.3
Triangular inlet 2nd box exit. - Co32 3010 1,425 3.96 2.04 2.56 1.98 11.0
AifAg = 0.97 33 4015 2.55 3.81 1.86 .- 252 201 11.4
Parallel flow ) . ‘ .
Box inlet and box exit. 4:/4, = 097 . 10 3000 1.42 - 3.50 1.97 2.75. . 1.59 21.0
Counterflow 53 1992 1.42 1.00 (.98 0.97 0.615 3.0
Box inlet and box exit. ) .. 54 3010 3.28 0.90 0.88 1.03 0.615 4.4
A;/de = 0.636- . - 35 4005 5.91 0.84 0.81 © 1.06 0.625 4.6
Counterflow : 45 2005 1.162 1,58 1.28 1.23" 4.5
Box tulet and box exit.. . . ,......46. .. 8015 . 2.64--... 1,40 ~1.08, e 1,23 ;6.2
A /Ay = 0.713 47 . 3985 . 4.68 1.35 1.02 1.30 PN T
Counterflow 38 2G15 0.635 3.44 2,22 2.37 . 9.8
Box inlet and box exit. 39 2997 1.417 3.20 1.92 2.45 . 11.6
AifAq = 0.97 40 3985 2.53- 3.13 1.83 2.55 .1.36 13.1
2-Pass parallel flow 7~ ) 48 © 2000 0.618 4.57s 2,24 2.31e 2.35% 4.5e
Fimt}iﬂii: Theory inlet and box 4.05% 2.27 2. 28 1.800 5.1%
exit; A;/4o = 0.98
Second pass: Theory 49 3012 1.42 4,27 1.98s 2.38 2,33+ 4,29
inlet and box exit. 4:/4, = 0.99 3.782 1.92¢ 2,360 1.88 5.20
2 First pass only. -
b Second pass only. -~
APl.hesdeu APoverall — A-Pmatrix hﬂ)
¢ When A4:/4 1. - =
en A:/ds < 1.0 'y > T by (1 B
header and heat exchanger core system and not of the headers SINGLE - PASS PARALLEL FLOW RUN 23
alone. If the core {matrix) pressure drop is large relative to the e
pressure changes in the headers, the influence of the headers on o - ,,A
flow distribution will be minor. In the case of the test system, e T |
the pressure change in the matrix is epproximately 2h, (see INLET HEADER 1 WMOBIFIED THEGRY SHAPE
Table 3). This is of the same order of magnitude as the pressire T HEADER « BOX .
changes in the headers and, as & consequence, header perform- . AT VIR TR
ance has an important influence on the flow nonuniformity factor. . ) . '
It is believed that this situation is typical of gas turhine plant o == ——
regenerators and intercoolers and many other gas flow heat ex- byt : ’ T o]
changer systerns. vl Lo ]
3 — P -
Header Performance 4 MaS5 FLOW RATE s 3015 Ib/hr B -~
' L VELOCITY HEAD h; 1+ L.45" Ha0 -p” .
The eight header configurations tested are listed in the first s o X ;
column in Table 3. The main test conditions and the header o 4 2 3 4 5 & 7 & 8 Lo

performance, as characterized by the loss AP,/h; and the flow
nonuniformity (8,,/Vm.aveave, are also tabulated. Representa-
uve graphs, Figs. & 15, all for a nominal mass flow rate
»f 3000 lb/hr, provide the pressure profiles and the associate
matrix flow distribution. For all these tests, p;/pp can be
wreated as unity and z2./y as A./Ag for comparison with the
theory predictions.

The four. smgle—pass parallel flow conﬁgurat.zon tests will be
zonsidered first, The approach of the actual inlet header shape
Jor runs 50, 51, and 52, the so-called “thecry’ inlet shape, to the
ceometry specified by equation (3) for 2;/4 = 1 and p;/m
= 1, is reported in Fig. 16. ' Departures on the order of 3 percent
»f 2; may be noted. . This lack of agreement undoubtedly con-
iributes to the nonuniformity magnitude, averaging® about
3.6 percent. S ‘ ‘

The reduced Sow area in the region of X 2 0.8 was considered
1o be the main’ factor contributing to ﬁow nonuniformity (see
Fig. 8); so for runs 22, 23; and 24 a 0.02-in-thick frame was used
w0 produee the modified theory geometry. reported. in Flg 17.
The resulting. nonuniformity, was_reduced to 2. percent, It s
avident from Fig. 9,. however, | that, for: X.> 0.9 the:flow area is
w00 great, so that P(X )nnlnt does not drop off enough to match

* Tn the disciibsion where three testrr.ma m a set am bemg evaluatsd
arithmetie average valies will be used [TRINCTINIE
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X

Fig. 9 Single-pass parallel flow header performance for a modified
theory-shaped inlei, Fig. 17

the P(X)eue: profile in this region. It is believed on the basis
of this evidence that a closer approach to the theory geometry
of equation (5) would indeed provide for better flow uniformity.
However, {or most exchanger applications a nonuniformity factor
of 5 percent would be acceptable; and this can be achieved if the
dimensions are maintained fo £2 percent of z; and ¢are is taken
not to block off the smaller flow area region for X > 0.8.
The outlet header pressure proﬁle for the theory and mod:ﬁed
theory inlets, Figs. 8 and 9, very cIosely match the theory pre:
diction of equation (2); APoutie/hs Is very close to the (w2/4) =
2.47 from equation (2). The header loss AP,/k; averages® out
to be 2.34 (runs 50, 51, 52, 22,23, and 24, Table 3), w]:uch is 2
percent below the theory predlctfon ‘of equatlon (14) Thls
difference may be a boundary—la.yer effect as there is ev1dently
a trend upward for AP, /k; with increasing flow rate. A fHow
rate of w = 2000 lb/hr; run ‘No.. 50;. corresponds to an inlet

Reynolds number (baged on the hydraulm diameter of A i) of

approximately 90,000.

4+ In the discussion where three teat Tuns in a set. are beirig emluated
arithmeatic average values will ba used.."‘ R I D HIUCTRRT

tuwyr 1968 A 2R
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Fig. 10 Single-pass parallel flow header performance for a friangular-
shaped inlet, Fig. 17
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Fig. 11 Single-pass parallel low header performance for a box-shaped
inlet

The triangular header shape is deseribed in Fig. 17. Runs
31, 32, and 33, in Table 3, show that the nonuniformity averages
10 percent, which is substantially poorer than the performance
of the theory shape of 2 to 4 percent. Fig. 10 shows the pressure
profiles and the velocity distribution. Clearly, gross departures
from the theory shapes result in serious flow nonuniformities
and $o accentuate this point, with & box header, run 10, and Fig.
11, 3’ 21 percent nonuniformity results. Note, however, that
the header loss, AP,/hk,, is reduced substantially from the theory
value of 2.38. This point illustrates the fallacy of using the
header loss as a criterion of design excellence. The lower loss is
obtained only at the expense of the main function of the headers,
to provide for close to uniform fow through the heat exchangers.

The three single-pass counterflow econfigurations listed in
'I_"able 3 will now be considered. The situation with z/y% =

d;/4 = 0,636 representé the theory shape when po/p; = 1,
equatlon (10) ‘Az can be seen from the entries for runs 53,
54, ‘mnd’ 55 the flow nonuniformity factor averages at 4 percent
which i is considered to be quite accepta.ble, and the header head
loss is AP,/M 0.62 in comparison to the theory prediction of
0,60, equation (15). Fig. 12 shows the flow distribution and
pressure profiles typical for this header. The pressure drop in
the outlet hea.der APuuuu/ h; = 1.03, From the theory equation

APoul,!at hD it 4

FR A T3 h_,,.};’:____ = T }‘;' —I; = 1.00

Thus, the agreement is quite excellent.
LiThe’ second set of data, runs 45, 46, and 47 serves to demon-
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Fig. 13 Single-pass counterflow header performance for o 12 percent
oversized inlet header

strate the influence of departing from the theory specifications.
The inlet header area is “oversized’”” by the ratio (0.713/0.636},
or 12 percent. As can be seen from Fig. 13 and the Table 3
entries, the fiow nonuniformity is increased from 4 to 6 percent.
The outlet header drop (APouset/h;) Is increased from 1.03 to
1.25, but when normalized relative to ks becomes {APouget/ o) =
(1/0.713)2 X 1.25 = 245 which closely approximates the
wt/4 = 2,47 of the outlet header flow theory, equation (7). The
header loss (AP,/h;) = (.82 when ii is normalized relative to
k., but as k; is decreased by (0.713/0.636)2 — 1 = 26 percent,
AP, is only increased by 5 percent.

The third set of data, runs 38, 39, and 40, illustrates the effect
of a substantial oversizing by (0.97/0.636) — 1 = 53 percent.
Now the average flow nonuniformity factor is significantly grester
at 11.5 percens (Fig. 14). The outlet header drop (APouvsc/he) =
(APousior/ k) (he/ha) = (2.46)(1.068) = 2.62, and this is within 6
percent of the theory prediction of w2/4 = 2.47. Clearly, the the-
ory boundary condition of v,, = conat s not closely 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 nonuniformity factor (10.2
percent average) and APouue/he = 2.47 is also the same. A
comparison of Figs. 10 and 14 reveals a strong similarity in the
character of the nonuniform u, distribution. The header loss
for the oversized inlet {(counterflow), (AP, /Ry = 1.27, but be-
cause of the lower h;, in the ratio {0.636 /0,978, the AP, is actu-
ally lower than for the theory shape’ by 14 percent.: S0 again
st the expense of the primary function of the header, namely,
uniformity of fow distribution, s lower Aow loga may be realized.

The last header configuration listed in-Table 3, run 49, is the
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Fig. 14  Single-pass counterfiow header performance for a 53 percent
oversized inlel header
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Fig. 15 Two-pass parallel flow header performance. See Fig. 7 Ffor

skewed velocity profile for the second pass inlet.

two-pass parallel flow configuration with single-pass theory-
shaped inlets and box headers for each pass. TFig. 15 provides
the pressure profiles and the flow distribution. In eomparisocn
to the comparable single-pass configuration, run 51, the first-
pass bebavior remains essentially unchanged, but the second-pass
reveals a 23 percent lower loss with a one point increase in the
nonuniformity from 4.2 to 5.2 percent. Before the tests, it was
anticipated that the highly skewed velocity profile wy(y), Fig.
7, entering the second pass would tend to (&) increase the non-
uniformity signifieantly and (b) increase the head loss for the
second pass. The actual substantial reduction of head loss can
be rationalized by the fact that of the AP, /h, = 7%/4 = 247
predicted by the theory for the first pass, 0.645 (26 percent) is
assigned to the exit header, equation {18}, and this is really a
bookkeeping loss of kinetic energy associated with the con-
vention of using the bulk average velocity to caleulate the flow
stream kinetic energy. The heat exchanger designer will wel-
come this fortunate circumstance. It also sugpests that for
single-pass configurations, substantial nonuniformity in the inlet
header veloeity profile can be tolerated.

Inlet Velocity Profile Tests

The test results for the two-pass parallel flow configuration
pointed out the need to investigate the influence of nonuriformity
in the inlet flow. A velocity profile generator described in [3]
was used to generate the u,(z) profiles shown in Figs. 18(k; ¢, d).
Fig. 18(a) shows the normal" duct profile, without the- in-
stallation of the profile generator, which is typical of conditions
for the tests reported in Table 3, Fig. 18(b) shows a more uni-
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Fig. 16 Thecry shape for the inlel header for the purallel flow conflgura-
lion. Comparisen of theory und laboratory model, -
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Fig. 17 Laboralory models for the modified Iheory-;hupad and #ri-
angular-shoped inlet headers for the parallel flow configuration

form profile obtained by appropriate adjustments of the profile
generator. Fig. 18(c) shows the labaratory approximation of a
lingar profile with a “favorable’’ skew® and Fig. 18{(d) a linear
profile with an “unfavorable” skew. Nine sets of tests are pre-
sented in [3], covering a range of u; nonuniformities’ from 3.7
percent for the profile, Fig. 18(b), to as high as 42 percent for the
favorable skew profile in Fig. 7. These results are too extensive
to cover in detail here. Only the main conclusions will be pre-
sented.

1 The more uniform prafile, Fig. 18(b), did show a small im-
provement over the turbulent profile, Fig. 18(a), with respect to
matrix fow uniformity.

2 The favorable skew profile, Fip. 15(c), resulted in a smaller
header loss, with no penalty in matrix flow nonuniformity for
the counterflow configuration; while for the parallel flow con-
figuration the header loss is deereased slightly, but the matrn:
flow nonuniformity is increased moderately.

3 The unfavorable skew profile, Fig. 18(d), resulted in vir-
tually the same header Joss, with a significant mcrease in the
matrix. flow nonuniformity for the counterflow’ conﬁguratmn
while for the parallel flow configuration the header loss is in-
creased slightly and the matrlx flow nonu.nlformzt.y is mcreased
significantly.

4 For a favorable skew and a very strong nonumforlmty,

as characterized by Fig. 7, for the inlet to the second- pass ‘of the
two-pass parallel flow configuration, the hes.der loss in reduced
significantly but the matrix ﬂow nonunn’or
moderately.
;.. 4 The. terms favorable and unfavorable. detive. from - quahtatnre
arguments that the. nonumiomuty of ui(0,2), involves o, smaller pen-
alty in"terms of matnx flow nonuml‘onmty and pressure dmp 1!' du, (0
7)/dzis pumtrve in the main flow region.

" ¢ The nonuniformity 'of the inlet' veloémy proﬁle is defined’ as
{814/ 1g.aveJuve a8 Obtained by a 10 ordinate analysis of the teat profile.
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Fig. 18(b) .Generator produced approximation to uniform flow profile.

Nonyniformity of 3.7 percent.

Fig. 18 Experimenfal inlet velocity profiles vi(z).

5 If a matrix flow nonuniformity of 5 percent is acceptable, an
inlet profile nonuniformity of up to 20 percent can be tolerated
with either a favorable or uniavorable skew. A favorable skew
profile, however, is to be preferred if the option is available.

6 Tt does not appear to be practical to reduce by design the
matrix flow nonunifermity below 3.5 percent because it would
then be necessary to insure a very uniform inlet velocity prafile
and this i3 not considered to be feasible except in a laboratory
situation.

Free Discharge Header

The free discharge header configuration in Fig. 2 was not in-
vestigated experimentally in the present program. However,
the theory results are presented, equation (16), and Loeffler and
Perlmutfer [4, 6] have demonstrated good experimental veri-
fication of the theory.

Applicaiiun te Design .

‘It is ev1dent from the 'tést results that equations (2)-(6c)
for the parallel ﬂow a.nd equat.lons (7)-(11c) for the counter
flow conﬁgurai;xon ca.n ‘be used as a basis for desngn The test
results of the theory—shaped headers support both the idesliza-
tions of the analysis and the resulting design equations, -~ Also the
analysxs of flow stream mechanical energy losses chargeable indi-
wdua.lly t-o the mlet and exit headers, equatmns {17) and (18),
are supported by the test results. Moreover, the “ofi-theary’”
header tests Illustrate the type and magmtude of the penalty to
be paid in terms of nom‘]mformlty of flow over the heat excha.nger
surfaces

v The purposes of this section are to illustrate the header sxzmg
pt'bi:édure by 8 'Bpaeific ‘example and to dlscuss other desi
sidérations,’ 7% b 1) N
¢ Iny [8] 180 example Js.presented for the desxgn of. &
régenerator:core for a-5000- hp gas turbine plant. --The fo].lowmg
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Fig. 18{c} Genarator produced opproximation to a linear, favombier
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See Fig. 7 for the sine shape, faverably skewed profile with a nonuniformity of 42 percent.

relevant information is exiracted for the purpose of designing the
headers for the compressor airflow which is heated on passing
through the regenerator.

75 percent

0.42 percent

I

Regenerator effectiveness €
Air-gide core pressure drop AP/P;

Airflow densities p; = 0.438 pef
ps = 0.300 pcf
p:/P(I = 146
Matrix frontal area A, =3 X75=225sqft
Airflow rate w = 193,000 lb/br = 353.7
Ib/sec
Inlet air pressure P; = 132 psia

For the single-pass parallel flow header design, it will be specified
that the inlet header initial velocity «; = 100 fps and that the

- exit header will be sized so as to make Ay = k; Under these
conditions

2
Fo =B = p, o = 68.0 #/sq ft = 1.1 "HLO = 0.472 f/sq in.

I
B

=.1295sq ft

i~
‘u‘pi

. uu.avs.’-— '\/29',_.}30/90 = 121 fp‘i

=148 sq It

pﬂul] BVS
A /Aa - 0 828

For tha smgle—pass cauntsrﬂow header deslgn, 1t; is only. necessary
to’ specify u,, ‘taken as before as 100 fps. / One cannot impose
ah arbitrary relationship between hy and h; as-this condition is
fixed: by the ‘theory” equation (11¢). In applying ths -theory,
theratio z,/y will be takeén s equivalent to4;/4,.": The implica-
tion is that the Z-section of the headers netd not be rectangular
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as speclﬁed in the mathematical models. It is believed that this
is a valid approximation for smoothly contoured heeder wells

Parallel Flow He_uder

From edﬁaﬁdﬁ (Se) with ke = R;

BN (AN 2 1 g &5 - 43
=1 = — =0
( )(Ac) and 4~ Vis 0.828

This checks the previously derived result.
Introducing equation (6¢) into equation,(5) yields

1 -X)

(;) h[ﬂ‘” * hn]% |

With h;/hy = 1 the following tabulatioo for the header shape
results:

Z =

X 0 0.25 0.50 0.75 1.00
Z = Ai/dp 0.828 0.577 0.324 0.134 0
Asqft 1.225 0.855 0.480 0.198 0
x for
L =751t 0 1.875 3.73 5.62 7.5
The header loss may be evaluated from equation (14)
AP, he o
= 147 — + 1 = 247
he Y !
AP, 247 X 0.472
—_— = ——————— = (1.88 t
P, 132 883 percen
From equation {18) the exit header loss is 0.645 hy = 0.645 hy, 26

percent of the total. From equation (175), the inlet header
loss is 1.822 h; or 74 percent of the total.

Counterflow Header

From equation (11c)

With u, specified as 100 fps, k; = 68 #/5q ft, s0
he = 27.5 #/sq It

Yo _ ‘/::‘f ;%: = /0405 \/1.46 = 0.770

Ug
wp = 77 {ps
Puitho® 0.30 X 77*
o = ———— heck
5. o 6 #/sq {t (check)

From equation (10) .

A Ay Pa
Z = eonst—-— = = 0.63GJ:= 0.526
Ay Ao P

For 4; = 1.225 sq ft (with v, = 100 fps)
Ap = 2.333g Tt
From equation (15)
AP,
== 0,595
By 0.595

AP, _ 0.595 X 0472

= (0.21 &
7, 132 - 3 percen

From equatlon (18) the exit header loss i is 0. 645 b = 0645
% 0.405 h; = 0.261 h,, or 44 percent of the total. From equstion
{17¢) the inlet header loss is 0.333 h;, or 56 percent of the total.

The parallal flow and eounterﬂow dﬂﬂlgns ‘Arg compared in the
following tabulation, .. .. : JERS
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- avi- Counters salsy
G HOW i fore

SHE ;:;{E.«_"

mm : il el
Inle veloclty u., fps W, 00,550
Exrthveloerty " Upare, 08 Py s od!
Thlet dtes ' ~'" Ay sgft I12gpkioTngs
Exit arear ' © - Ay, 5q ft E o =208 rits binly
Inlet hee.der area A{z) - See tabulation:, \ Constant'at
Exit header area A(z) ., Constant at 4. Constant af Ay
Header losses B APi/hs 2 47 05951 .
. P., Coent g LEDD abae D
percent 0. 883
Fraction for inlet header,
percent 74
Fraction for outlet header,
. percent, , . 26‘ el

Asa pomt of interest, it i3 noted that for the parallel ﬂow des:gn
the header loss of 0.88 pereent exeeeds the calculated heat e‘x-l
changer surface pressure drop of 0 42 pereent 18, p, ,256], by
more than twofold. It is also clear that the counterflow desxgn,
though somewhat more bulky (see the Aq eompanson), 1is ve
much to be preferred if the machmery arrahgement wﬂl aﬁow .
this configuration. Co '-

Because the core pressure drop is small relative o the pressure
chariges in the henders, in the ratio-of 0.42/0.88 = :"0.48;" the
header performance can he expected to have a grea.ter 1nﬁuence
on ‘the nonuniformity factor thin for the tests, -for exe.mple,
where the ratio was on the order of 0.8. Consequently, the de-
signs summarized in the foregoing can be! expected to have Ea.rger
flow nonuniformities of the order of 5 percent, in’ companson to
the test results of 2 to 4 percent. o

Moreover, for the parallel flow design, the inlet heeder dlmen-
gions must adhere fairly close to the theory, about ‘2 percent;
of 4;, as in Figs. 16 and 17. For the exit header no such’ pre-
cisfon is required. Both box headers for the eounterﬁow con-
figuration are less sensitive to off-specification dimensions in
terms of the nonuniformity factor.

Both designs can tolerate .fairly nonuniform inlet velocity
conditions {up to 20 percent) without too much of a pena.lty in
flow nonunifermity. e

It appears that the single-pass counterflow header theory
could be used to design a sharp return bend for a relatively small
loss of about 0.60 h; by using a low resistance matrix such as
HEXCEL (1 or 2-in. flow length) to function as turning vanes.

The test performance of the fwo-pass parallel flow configuration
indicates that the single-pass theory provides quite & good basis
for design as indicated by the test Sow nonuniformity factors of
only about 5 percent. This is a result of the lack of sen51t1v1ty
of header performance (second-pass inlet) to a favorable skewed
inlet velocity profile.

Summary and Gonclusions

The previous text deals with the design of emgle—pnss heeder
systems of the parsllel flow and counterflow types. Both the
theory and test results are presented. Based on this informa-
tion the following conclusions result:

1 An adequate design basis for single-pass parallel Sow and
counterflow hesder configurations now exists; that i I, optinum
geometries can be specified, expected losses can be’ wt.lmat.ed
and reasonably good flow distribution umformlt.y (:|:5 pereent)
over the heat exchanger surfaces can be antlclpat.ed et

2. Parallel low headers will have losses of the order of four
times that of counterflow configurations. Sl

‘3" The header performsmee is relatwely msensitwe t6!inlet.
velocity distribution. btz il

4 Close adherence to the theoretlcal shipg' is ‘necessary: for’
the inlet header for the parallel low design. .

‘5 A two-pass parallel flow. hea.der can- be deergned usmg-
smgle—pass theory largely becduse of item's] © -
.8, The influence_of. flow nonuniformity on,heat ,axphanger
performance deterioration can be caleulated in speclﬁc instances:
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. uslng a.n"extensmn of thé. heat exchanger design theory pre-

sented in [8], ‘guch calculaticnd are provided in [1]. . Generally.

the penalty i 1s 'Ereater for high ﬂeﬂlgn eﬁectwen&s, for' C’mln/C’mf
a.pproachmg umty, and for sxtuatlons there a “h1gh" for one

fluid stream is opposite s “low™ for the other fluid stream.
.:7 t6The free dmcharge conﬁgumtmn described in Fig. 2 may
be of specxa] fnterest to alr-condltmnmg heat exchanger’ dwgners

* Header 16dses are mtermedlate to the counterﬂow and parallel
flow configurations. .
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APPENDIX

Analysis of Oblique Flow Models

The analysis presented here was first developed by Heyda [5]
for the counterflow configuration. This method of analysis was
then used by Wolf [7] for the parallel flow configuration. The
repetition in this Appendix is for the purpose of summarizing
the two selutions and the methodology, using & uniform nomen-
clature.” Additionally, the oblique flow inlet free discharge
configuration iz analyzed.

"'The mathematical models ‘analyzed are described in Fig. 19.
The outlet header analysis will apply to both the parallel and
counterflow configurations and will be given first. Then the
inlet header for the parallel flow configuration will be analyzed,
followed by the inlet header for the counterflow configuration.
Finally, the inlet hesder of the free discharge configuration is
analyzed.

The outlet sha.pe is speclﬁed a3 reeta.ngula.r’

R Y(X)

and the pressure proﬁle is derived for a um.form velocity leaving
the matrix, assuming pressure a functlon of X only, but allowing
the streamline velocity to be a function of z and y.. Then the
mlet ;header sha.pe is selected to provide a P(X) which matches
the exit header proﬁ.le, thereby maintaining & constant APuatrix
and a uniform flow distribution (v,, = const) through the matrix;
see Fig. 4.

- Outlel,Header, When the Nawer—Stokes equatlons are expressed
for stewdy, constant dens1t.y, inviscid ﬁow, the y~grad1ent of the

(essure may be expressed
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Fig. 19 Mathematical models for the three single-pass header con-
flgurations

But as P is specified to be a function of z only, the y-pressure
gradient is zero, and this condition imposed on equation (23) leads
to

v = const (_= ) (24)

The Navier-Stokes’' equations may also be integrated along the
streamnline originating at point ¢ in Fig, 19 to yield the Bernoulli
equation for incompressible flow

ﬂ). 2 2 = t ﬂ 2
Plz) + 2. (u? + 2%} = P(t) +. 2 Vo
In light of equation (24) this reduces to
2

P) = Plz) = po -

25
2g, (25)

From the continuity principle applied for constant density to the
stream tube bounded by the stresmlines originating at t and
@+ dt) (using the coordmates in Flg 19),

_ o : (26)
Usmg thJa result. for U and substltutlng mto equa.tmn (25} yields
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(27)

‘ di -
~dy = vV /2g, %P(t). P

This equation may be integrated to yield the wall contour ymn(m)
by integrating between the limits - e

for t==0,y = yeuls)

I

for t=z9=10

Thus

0 f=x
wan(s) = f (= )y = f .
Yt Ymatl() v 0 U,,,'\/p /2. VPU) Pz)

(28)

This is a Volterra improper integral equation which has been
solved by Heyda {5} for some simple header shapes, #wai{z).
For the box header shape considered here, ywsn is constant and
the solution yields®

P{0) — P{z) = ry 7

2g,
If the origin for z 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 counterflow configurations,
Fig. 19.

With the pressure profile known, one can determine the exit
velocity u, as a function of ¢z—z. From the Bernoulli equation
(23)

PW) — P(T) = po ;‘—; (30)

But
— P{)}

P@) — P(L) = {[P(0} — P(L)] — [P(®)

1l
w3y
|
w13
&
T
o
~—

e P \2
()] W

from equation (29). Equating {30) and (31)

Ho,ave T2 XI h (_) 62)

Introducing uy from the continuity equation {26), separating

variables and integrating

¥ 2
— f dYzml = yu
2]
Yeal 2 . t
=|(1— —sin!1— 33
[ - sin L:l (33)

The result is

Solving for {((/L} and substituting in equation (32} yields the
desired exit velocity tp a5 a function of yror

e x x _E¥y_T.(F Y
= cos - (1 yn) . Sm(Z'yo) {34)

This equation may be used to relate the actual exit kinetic energy
rate to the nominal value calculat-ed from the bulk average
velocity. The resultis

? rm L ™ upavetre from continuity is used here,
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2 2 2 2
T P Upave (_‘-’I_:) - %hng (29)_

(KEy/w )acmal
(ho/pn)

(uﬂa)ava - TLz [Si[l 36~ L Iy ]:r/":f T
(uﬂnva)s 16 3 Tssme 0.

R et g
uf Sl -zé”
5)

e YT
PO ERPE

2 e

Equations {29), (34), and {35) are the' 1mportaut resulfs for
the exit box header, used for both the single-pass parallel How
and counterflow configurations. The 1dea11zat10ns and speclﬁea-
tmns involved are as follows

where f# =

1 Constant densﬁ.yﬂow, P = In. choowdT ol

2 The flow through the matrix is umform, m = GODSt i

3 Pressure is a function of = only.

4 Zero flow stream mechanical energy d1551pat10n (mvmcld
flow).

Inlet Headar, Parallel Flow, For this analysis it is idealized that
pressure and veloeity are essentially funetions of z only and
that the density is constant. Then the Bérnoulli equation for
the streamline in Fig. 19 is - e B

Pi-P@=Lwi-un " ae)
£ N

For constant density flow the continuity principle provides the

following relations for a uniform input velocity, Uy = const, and

uniform flow distribution through the core, v, = const.:

Ui = UZwall + U2 = v, L
Pils - ) - (37)

UiZiPy = UpavelloPo

Uswnll =

The pressure profile of equation (36) is required to mateh that

_of the exit header, equation (28). So

T2 z \? -
P;— Pz) = Z hﬂ(—i) {38)

Combining equations (38), (37), and (36) to eliminate P and
provides the desired inlet header shape, zwan, as a function of z.

pofm oy _[QA=XP  fw\
;;(EX)_[ 7 (zf)}

or
{1—x»

7 = | '
(™Y 5o o (2 (39)
GIE) >+ (%)
ho _ &(_)
by B Pe \Yo

Substitution of the header shape back into the continuity
equation (37) will yield inlet header velocity as a function of z

_u.=AJ_"(‘) X*+1 . -. (40)
Ui Pe \th/ 4. N SN

Note that

This relation may be used to &ntablmh the k.metle energy per

unit mass flow rate leaving the inlet header and passing into the
core.?

* Note that »,, in equation (41a) is the matrix veloeity based on
Am at the inlet face of the matrix, in contrast to the nm pmturecl in
Flg 19 quch is the matru: velocxty at the outlet face,” 5:
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KE@) | 7 ()(,,) - ( (,,)
=14\ 2l =14+0822]( - - (41b)
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Note the difference relative to equation (35) ‘where the kinetic
energy term involves a (u%)ave instead of & {u?)avs 88 in the fore-
gOIBg, i 1, L e
The li.tnl:m:‘.vrt,ant results for the inlet header in the single-pass

~ parallel flow configuration are equations (38), (39), (40), and

{41b). The idealizations and specifications invelved are:as
follows:- - - N . [ A

.1, Constant density flow, p = p; = const, | S
"o "Both pressure and velocity are essentially functions of x
* only. .

: Zero flow stream mechanical energy dissipation. -=. 1 . -
The flow through the matrix is uniform, ¥, = const.

The entering flow is uniform, u; = const. -
The pressure profile matches that of the exit box header.

&

Inlet Header, Counterflow. For this analysis, as for the parallel
flow inlet header, it is idealized that pressure and velocity are
essentially functions of z only and that the density is constant.
Then the Bernoulli equation for the streamline indicated in
Fig. 19 is the same as equation (36). Also from the continuity
principle, the (37) set of equations apply. However, in order
to satisfy a pressure mateh with the exit header, equation {29)
requires s shift in coordinates because of the counterflow con-
figuration. The pressure profile then hecomes

Pz) — P; = Tfho[l 1~ X7 42)

That is, the inlet header now has to funetion as a diffuser with a
flow deceleration in contrast to the parailel flow situation where
the flow is accelerated. Combining the Bernoulli equation (36)
with eontinuity, equation {37), and the pressure match condi-
tions, equation (42}, to eliminate P and u, provides the desired
inlet shape zwu as a funetion of 2. :

G- Xy

= 2 2 )
GEG G
& po/\ 4

To avoid imaginary values for Z it is necessary that the de-
uqmina_tor of equation (43} be pasitive or

2= (oo
2 FIYAN

The maximum value of the right-hand side i3 (p./po)(m2/4) for
X=1 5o

(43)

PRI fl) L= E Pn/Pi = 0.637 '\,/pe/p‘ "I.‘;‘i I

w i Yo mex T R O Ty
Following Heyda [5], this value for z;/ye will be accepted as the
““gapnomic gize,” a8 smaller magnitudes would have a higher A;
and higher losses of kiuetic energy when the flow enters the
matrix. When this optimum {z;/ys) magnitude i, introduced
into equation (43) the optimum header shape becomes |
T IS e . PPt it Lo

4 A
zZr = — &_ cons {44)
S U I ST S TP

v Lpesn ot oo

o Beppbaitg ol L I I FRRTIRR Rt R AR
That E: the optimum inlet shape is also a box. header; (v vt i
. Substitution -of this header shape back into thecontinuity
equation (37) yields the inlet header velocity a3 & function of z
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(45)

Foliowing the procedurs used in establishing equation (41b), the
kinetic energy per unit flow rate leaving the inlet header and
passing into the core is _ :
KE"/ w (u’)uvu 1.

e 46)
(hi/ps) ¢

The important results for the inlet header in the single-pass
counterflow configuration are equations (42), (44), (45), and
{46). The ideelizations and specifications involved are the
game &5 for the inlet header for the parallel flow eonfiguration and
are listed after equation (41b). -

. Obiique Flow Inlal, Free Dischurga. A technically interesting vart-
ation of the parallel flow configuration is pictured in Fig. 19. If
the outlet header is made very deep, {yo — =), the outlet pressure
profile becomes uniform. This is also the situation for the free
discharge configuration shown in Fig. 19. This header con-
figuration is quite commonly found in air-conditioning heat
exchangers where the free discharge of the conditioned air is
directed into the room. It would also be the situation on the
hot gas side of a gas turbine regenerator discharging straight up
an exhaust stack. Under these circumstances equation {39) for
the inlet header shape reduces to

=1 -X) 47)

z'l
i.e., & triangular shape. This solution is the same as presented
by Loeffler and Perlmutter [6]-

This result can also be derived directly from the Bernoulli
equation (36), and the continuity equation {37), and the pressure
profile matching condition. From equation (36} and the pres-
sure profile matehing condition, P(z) = const,

4 = u; = const
Then from the second of eqnations (37)

v Ll — X} _ v, L1 — X)
- Ui

Zwall _

Z uz;

Tntroducing u2; = v,L from the first of equations (37) yields

equation (47).
From equation (41a), the defining equation for KE/w
(KL few)
— =1 (48)
{hifps) ’

Thiz also comes directly from equation {41b) for yo — .

DISCUSSION
A. A Kudirkat®

The suthors are to be congratulated for presenting a useful

- method supported by experimental results for designing oblique

flow headers. However, a designer would be also very much
interested in the limits of applicability of the design equations
presented in the article. h L

In the authors’ tests, performed to demonstrate the validity
of their design method,-the pressure change in the matirix was
equal te about two velocity heads of the inlet header, i.e., 2k,
It has been the writer’s experience that one-dimensional analysis
is no longer useful in guiding header design when the pressure
change in'the matrix is equal to about one-half A, :Similarly,
the usefulness of the design equations must be also limited to
headers with certain 2,/L ratios. : '

oo wetian

10 Development Engineer, General Electric Company, Sén Jose,
Calif. Assoc. Mem. ASME, : B
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Of course, it may, be specified that. the design equations are
apphca.ble to .“reasonable’] or: “charactenstm” geometries and
pressure changes, but, qua.ntltat.we limits would be more helpful
to the degigner. .. .

It may be also noted that the header dwgns d:suuﬁed produce
a pressure gradient in the longitudinal z-direction (see Figs. 4(a)
and 4(b)) in the matrix. This pressure gradient will cause longi-
tudinal flow to oceur in the matrix unless this matrix is of special
design. Since such flow may be detrimental to performance in
some designs, it may be avoided by designing inlet and outlet
headers which theoretically produce no longitudinal pressure
gradient,

For the parallel flow conﬁgumtmn, for e‘cample, the inlet header
would have the shape shown in Fig. 4(c), and the shape of the
outlet header forv,, = const {nomenelature of the article is used)
would be ¥ = (z/L) This shape is arrived at by combining
the one-dimensional continuity and momentum relationships
for the outlet header. '

T .'J!f(’li‘

R. 1. Wong!t

AiResearch has available an operational computer program to
handle the general problem of oblique flow headers and core flow
distribution. The computations in general are based on the
theories presented in this paper. The following comments are
offered related to the analysis:

1 We are in agreement with the esperimental work reported.
The inlet header pressure profiles for headers of the type similar
to the *paraliel flow theory inlet shape’ are very sensitive to
header shape and core flow distribution—particularly near the
closed header end. This sensitivity is due to the high velocity
heads required to obtain the desired drop in static pressure at this
end.

9 Compressibility increases the dimensionless inlet header
static pressure change, AP /R, in the “box inlet header.”” This
increase is due to the recovery of the inlet total pressure which is
greater than (P; + h,). This difference becomes significant at
Mach numbers greater than 0.3. For air at an inlet Mach number
of 0.6857 with uniform header and eore flow,

AP . .
vl 1.000 for incompressible flow
AP :
= 1.121 for compressible flow
i

3 Inthe“triangular inlet header,” there is no pressure recovery
and hence also no statie pressure change. Consequently, the fow
in this header (for uniform core flow) reflects no compressibility
effecta.

4 Inthe “paralle] flow theory inlet shape,’” the compressibility
effects result in a decreasing fluid density from the inlet end to
the elosed end. Hence one would expect the static pressure change
to be increased.

5 In the “box outlet headers,” the dimensionless static pres-
sure change is decreased by the effects of compressibility. Atan
outlet Mach number (based on uniform outlet fow) of 0.5678
with uniform core flow

AP
— = 2.47 for incompressible flow

%—? = 2,28 for compressible flow

The compressibility effects are reflected in two factors, both of
which eontribute to the decreased static pressure change:

11 Preliminary Design Engineering Department, Heat Tranefer
Group, AiResearch Manufacturing Company, Loa Angeles, Calif,
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. (@) The average ﬁuid density increases from, the open; header

andtotheclosedend . cid dpdi ] o) paisiaiteg Wl N
(b)) The outleb ﬂow proﬁle is more umform in compreaslble
Bow. gty = ko w0 T A i fu)h}mnla du &

b 'l. 1 umﬂ

For mcomprus1b1e ﬂow

' maxu:num Lpth)
: (pugdave
{Puoa)avn _

(Pl.vauﬂ nva)
for compre551ble flow:
(e - T
(Puu)ave

(.O’Un Jave -
(,Oueua’ ave)

ma:nmum

The more uniform outlet low profile is due to the mcreasmg ﬁuld
den51ty from - R

SR

P 0.035 8t & = 0.0
Paws )
to
P _qjossat L =10
- Pava Yo

This outlet density profile follows from two assumptions:

(z) The static pressure is one dimensional.
(b) There is no heat iransfer between streamlines.

The following additional comments are cffered on this paper:

1 Inthe next to the last paragraph of the section “Application
to Design’’ we would like some elaboration as to how the Hexcel

functions as turning vanes.

2 1In the “Summary and Conclusions,’”” the second eonclusion
applies only to the headers and not to the entire heat exchanger
package.

Also, if one is willing to accept the resulting flow maldistribu-
tion (say because of a high core pressure drop) the parallel flow
and counterflow configurations could have similar losses.

Authors’ Closure

Mr. Kudirka’s points regarding limita of apphcablhty of the
design equations are well talken. Tentatively it is suggested that

APmtrix - l
by 2

i

A" ( Z,‘) < i

A, \" 1L/

The lower limit on APmeeix i8 Mr. Kudirka’s recommendation,
and the ares ratio limit derives from the authors’ intuition that
the one-dimensional treatment of the pressure variation, F{z)
only, is not adequate if the header is too deep in the z-direction.

Certainly a pressure gradient dP/dz will tend to result in some
longitudinal flow if transverse partitions are mot built into the
heat exchanger core. The relative flow, longitudinal-to-trans-
verse, will vary directly as the relative pressure gradients and
inversely ag the relative flow impedances. For the screen
matrices used in the teats the relatlve longitudinal flow is esti-
mated as less than 2 percent. ‘

Mr. Kudirka’s suggestion that a triangular inlet header and a
parabolic outlet header would provide a parallel flow configuration
with a zero longitudinal pressure gradient can only be vorrect for
a very deep outlet header (3 ~» =) approscb.mg the free dis-
charge configuration of Fig. 4{c).

guey agse (A




“Mr."Wong’s comments are appreciated for two reasond. First,
it is satisfying to know that Mr, Wong's orgamzatmn finda the
theory‘nseful a8 a design tool. Normally “proof of the pudding'”
is not 8o rapidly forthcoming. Secondly, the effecta of departuresd
from the constant density idealization (noncompressed flow) in
each of the headers are important in aireraft applications where
high subsonic Mach number duct flow is common.

.The authors’ prefer nioncompressed flow instead of sncompressible
Slonw, 88 the preferred term suggests that the density is approxi-
mately constant by virtue of the small pressure and temperature
changes within a header, rather than the implication of the
second term that the density can’t change, as for an incompressible
liquid flow.

In Mr. Wong's ﬁrst group of numbered comments it ig im-
portant to note that comment 2 applies to a diffusing or de-
celerating flow inlet header, such as for the counterflow con-
figuration of Fig. 4(b), while comment 4 applies to an accelerating
flow inlet header,

In comment 5 relating to the accelerating flow in the outlet hox
headers, the density decreases in the flow direction. This is in
agreement with Mr., Wong’s statement of an “increase from the
apen end to the closed end’’ as this is counter to the Aow direction.
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7 In summary of Mr. Wong's first group of numbered comments,
items 2 to 5, the general conclusion regarding Mach number or
cotipressibility effects is that the noncompressed flow theory
under-predicts the magnitude of the pressure change in both
acceleratmg and deceleratmg header. - This concltsion could be
anticipated from®one-dimensional diffuser and noazle theory.
1tie not clear what the proper geometries are for these high Mach
Number headers. It is hoped that Mr. Wong will clarify this
point by preparation of a paper in the near future.

" With respect to Mr. Wong's second gmup of comments the
following remarks are offered:

1 In view of Mr. Kudirka’s experience that if APmatx/R,
< 1/2 the theory is not applicable, the authars do not recommend
their sharp return bend design suggestion, unlesa verifying tests
are forthcoming.

2 This comment is well taken and in the final apalysis it is
indeed the header heat exchanger aystem overall pressure drop
that is important.

Authors’ correction: The abscissa on the counterflow header .
performance curves, Fige. 12, 13, and 14, should be changed to
(1-X) to conform to the definition of X in Fig: 4(b).
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