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. PART T - ANALYSIS OF THE EXTSTING EXCHANGER
1. INTRODUCTION

The following caleulation of pressure losses in the hot heat exchanger is
based on comparatively few data of mass flow and corresponding temperatures.
Nevertheless it has been necessary tc apply or develop no mmall number of formulae
and rules in order to get near to the problem: how can the combined przssure loss
in a baffled heat exchanger be computed? Unless one intends to adhere to some
traditional formula and to multiply the result with a safety fazctor of say 2 or
2,5, there is hardly another way than to explore all possible sources of loss and
to compute from the latter the overall probable loss by a provess of weighing and
comparing for which no theoretical. background can be given,

The method developed here is, then, at least as mich a trial and error run
as it appears to a founded on theory on hehalf of the sizeable number of formulae
and deductions. Among a series of books and publications pertaining to the theme
of cross flow pressure loss there was none dealing with flow over baffles; there
was even none dealing with inclined cross flow and none which would aim at adapt.-
ing the established equations for sross flow losses over the ideal rectangular
bank of tubes to the circular arrangement . in a tube and shell exchanger. Differ-
ent spacing of tubes, different shapes like fins, blades, corrugated sheets pre-
gsent an unlimited variety pertaining to the coefficients in the equations for
heat transfer and pressure loss. .To consider; moreover, different angles of in-
cidence, simultaneous axial and cross. flow, sudden changes of direction together
with the effects of edges, orifices, flow past a disc, seems & hopeless task. No
coherent formula will ever be set up, it seems, which would cover at once all
these effects and allow for numerical evaluation, under given flow conditions and
apparatus dimensions. . Through this. is what is required for the calculation of
the pressure drop in a daily 1life baffled exchanger operating under normal con-
ditions.. : _

The way of selving this problem could be purely deductive oniy. All sources
of loss were investigated individually,. compared with corresponding ones and,fin-
ally put together, In faect, there have been derived in section 9 the "normalized
coefficients" which, upon multiplication with G;g s will give directly the par-
tial pressure loss, of a certain kind, comprising”a number of consecutive comparte
ments or stations. Thsy might be an easy means to apply the derived relations
for other mass flow, pressure and temperatures in the same heat exchanger. To the
utmost they may be valid under special restrictions for a vart of a similar ex-
changer.

_ If it is possible--and only the experiment will tell it--to present pressure
loss, be it the partial or overall loss, in terms of "normalized coefficientsg",
. then the method developed in the following paragraphs can be said to be satisfact-
ory. However; this is not the only criterion. There are other ways of cross
checking assumptions. The heat balance can be arrived at from different direc-
tions. The relation between useful heat iransfer and radiation losses through a
composite wall flushed by cooling air can only be clarifisd by multiple checking.
There still might be an axial heat transfer by conductien within the métal walls.
The point to point temperature distribution in the whole of the exchanger is the
fundament upon which any caleulation of pressure changes has to be based. There-
‘fore, two chapters, 3 and 5, are devoted to this. proeblem, Chapter 2 gives an ocut-
line of the principal individual pressure loss equations to be applied later on '
in chapters 7 and 8. However, before being ripe for application they have to be
shaped in order to fit the existing apparatus, under empirically assumed flow cone
ditions. In chapter 10 the heat transfer coefficients are handlad. However, they
are but a means to arrive at .a certain cross check, for the purpose of comparing
the flow pattern at various mass welocities,. : A :




¥vidently the Hot Heat Exchanger is designed like a plant process apparatus,
nob as a plece of equipment for a turbo-compressor station. Roughly speaking,
hall of the total pressure loss could be eliminated by internal streamlining with-
out affecting its heat transfer capacity. This might be open to proof by way of
calculation. ' .

2, MATHEMATICAL AND EMPIRICAL RELATIONS
' EE, PRESSURE IOSSES

Pressure changes produced along the path of a fluid ir motion may be due to
three different causes:

A) Change of energy and momentum applied to an ideal fluid with stream-
line motion. Call the ensuing pressure variations

HYDRODYNAMIC CHANGES; They are brought about by

1) Elevation against gravity

2) Change of flow area

3) Change of velocity due to variation of den31ty
L) Work supplied to or sbstracted from the fluid
5) Any combination of these

B) Change of energy andwmomentum.appiied to a real fluid with vortices
and turbulence set up. Call the ensuing pressure variations

LOCAL CHANGES; They are brought about by

1) Sudden enlargement

2) Sudden contraction

3) Change of direction

4} Flow over a weir

5) Flow through orifice

6) Flow past any surface or body
7) Any combination of these

C) Transfer of energy and momentum from a real fiuid, be it in turbulent
or laminar metion, to its boundary walls., Call the ensuing pressure
variations

FRICTIONAL CHANGES; They are brought about by

1) Skin friction due to motion along walls, tubes, plates
2) Skin friction due to motion across tubes or other obstructLOns
3) Any combination of these

In almost any real flow problem losses under the headlngs A}, B) and C)
ocour simultaneously and except for HYDRODYNAMIC CHANGES the established relations
for pressure loss often. include several effects at the time.

Example
| Flow through a valve or a header compartment will produce losses acc. to
B) 1-2=3 and probably other ones acc. to A) 2 and C) 2.



Flow over s bank of tubes will give vise to pressure changes acs. to CJ) 2
and 8) 1.2,

It is not difficult to set up equations for each kind of pressure lozs undsp
B) and ¢) and to sxpress the result in terms of flow gecmaelry, Fiaw velosity and
property v@luea of fiuid and/or boundary wall.

It is much more d;fflcult 1o present in one formula pressure lesses due to
similar kind, but different shape and surface quality of obstructions.

It is incomparably more difficult to express in an analytical way pressurs
losses produced by simultaneous action of several obstructions of different kind
and ~shape, let alone those under simultansous influence of effects ace, to B)
and C). Imagine, e.g. the effect of a baffls in the path of a flow acress tubes
which has a longitudinal and perpendicular component. The art, then, is to ssti-
mate the degree hy which the various losses have to be taken into agcount rather
than to add them indiseriminately.

Rules
' a) If the flow patiern--or the time aﬁerage'of the v»locxiy field--will
-~ be unsffected by adfabatic® introducticn of another causs for pressure
change, the individual pressure leosses may be added.
b)_ThPy may sbill be added if the relative flow pattern remains unchanged
that means, if the relative velocity distribution in each eross section
remalnq the same as before.
¢) Otherwise the different pressure losses may not he addéd quantitatively.
Examples

~to a) A fluid under a certain hydrostatic pressure passes through a horizon-
tal tube and leaves it with a certain weloeity, into the open atmos-
phere, No frietion is involved. If frietion will be introduced slow-
1y and the hydrostatic pressure increasged in such a way *the a average
velocity of efflux remains the same, the total pressure drop is exact-
ly equal to the sum of the velocity head and friction head. The only
compromise to be accepted is that formerly it was the velocity of ef-
flux and now it is the average velogcity over the efflux eross ares
which shall be equal.

to b) A fluid flows frictionless. through.a gradually expanding duct. The
flow is one dimensional. 2y
: 2t > 0 (v, specific volume; €, temperature)

At constant temperature there is a certaln pressure rise due Lo change
of filow area. If a temperature gradient he set up in the direction of
flow, a non-isothermal pressure change is produced and the ensuing
pressure variation is exacily equal the sum of both changss mentioned
separately under A) 2 and 3. Gravitational changes may as well be
incorporated. .

- * The change shall be so slow that the system is always in equilibrium. Reversing
the change shall bring the system back into the previcus stateo




to @) A real fluid with a very low viscosity flows past g disc. Since bhers

. gan be no infinite pressure gradient near the rim of the dise, fom
drag and 2 corresponding pressure loss will be present even 1f the
wake iz definitely at rest. The viscosiiy may then be increased, for
example through cshange of temperature, Ths line of flow separation
changes, vorbices avre set up aleng the Iline and surface-drag is pro-
dused in addition, The total pressure shange can only be calceulated
if the {low pattern is known in detail., Ancther quesbion is if this
knowledge is deduced by experiment or analytically. But in either
case the flow pabttern will have so much changed that combination of
the previcus form drag and the additional surface drag is virtually
impossible. -

THE FANNING'EQUATiﬁN

~ Limiting the considerations to cases fitting into Rule a) and b), the fan-
ning equation expresses the combined pressure variation due to HYDRODYNAWIC and
FRICTIONAL CHANGES.

2
1. - =vdp = g 42 LI L AL
o 2 Thy

It is valid for compréssible and incompressible fluids.

Symbols
F ¢ density M : mass flow
v @ gpecific volume G ¢ mass velocity
p : pressure A s area
T : absclute temperature L,oL @ length
R : gas constant per 1b. d : diamster
Z s elevation d,, & hydraulic diameter
-V ¢ welocity ry, ¢ hydraulic radius
4 3 conversion factor,’vl for - ¢ frictional ccefficients
turbulent flow ‘ F & functions of L
£ : abbreviation for g% fr=Pm~Ba ¢ mean values
K¢ abbreviation for ar '
dL
- 8

oo

gra?itational constant

7 " The iﬁtegration- of (1) for different conditions follows. The results are
obtained in poundals per sq.ft. (w/ft*). For derivation see Appendix.ls

-1 owﬁ, ﬂ_
Incompressible cases 2p © o, 2T = 0

AREA CONSTANT -~ JEMPERATURE CHANGES

: ; V 5 =L
2. D, =Py = % [g(zz'.'zr) * f Q’""—l]

I"h),

AREA.am_TEMPERATURE CHANGE

- Lz 2 I'4 F4 Z. 7
3, P, =P, = % {g(Z&mZ,) + %2 (v, -V, )+ fmsia 4+rYz ).ﬂLJ
. . 4
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Compressible Cases Y 40 %%’# G

AREA CONSTANT -- TEMPERATURE CHANGES

i
2
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o = Ep (84 vy m n
A ’ p, pz R'm (dLJ," )(F' (L;dL + o Do ) -FZ (L)dL +. F3 (L}dL
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S Ly L;
F (L) = = 3 Fp =923 F3 = T(L)

LY 253’
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r M : \ 3
5, -p. = gf(2,-2,) - 2 [ F (L)AL + Fell)dL
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dr ! Ly
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FL} (L) = = dL b1 F5(l‘) = ” 5
Thy i

 The case of changing temperature and area is too tedicus. If there are ne

- sudden enlargements, contractions, etc.--which are anyhcw excluded from the range
of the FANNING EQUATICN--this case may be reduced either to a combination of the
previous ones or solved by step to step evaluation.

AREA CONSTANT -- LINEAR TEMPERATURE CHANGE

%% =K %“‘?L" = & K,& constant
T, T,
6’ pl ""pz = gn.én !

f, 2 2
1 2 2y om AL
AR A AR AR SRS

Neglecting the effect of gravity (6) becomes the familiar expréssion for non-
isothermal pressure drop plus frictional losses. In a heat exchangsr bemperatures
.may not generally be approximated by a linear function and (4) may be applied for
the tube side provided T(L) is known and ¢« be derived from the turbulent velo-
city vrofile. T(L) is given in chapter 3, for the cold and the hot fluid as well
as for parallel and counter flow.

—rrrrrry

o,
: Vm 1 ((vaa)
L (W) & [ 7ah

i

1

The more the velocity profile is uniform the more will « be near to unity.
v A 1, Strietly speaking this correction should be applied in any expression
involving V* if V=, only, is given. Usually it is neglected.

]

area elemsvd

For the air side of the Hot Heat Exchanger none of the formula (2) to (5)
can be applied since the flow area changes in a rather irregular manner. Pressure
losses, here;, have to be estimated apart from HYDRODYNAMIC CHANGES, in terms of



LOCAL CHANGE. COEFFIGIEVTS

2
These are expressed as a multiple of the veloclty head ii__
ation or Reference: GSee Appendix 2.

o Derive
f’

’\3

SUDDEN ENLARGEMENT

A

e

“f ¥ \\
. ) .
wﬁp =K¢ .,..iz.,y_ .-_ - 5. .

CHANGE OF DIRECTION

by angle <<
| - ___//"
‘ 2 e
g. ~Ap = g\fl-cosoi -zl—

v ==

RETURN 10SS for £ = 180° the pressure drop will be
3 . '
1¢. ~Ap = 1/2 j%¥~ o Thie is only correct for smooth pipes. For return
o= through a header box the combined loss may be up to
N .
103. "A p = 2 ?2V -]

For other flow pattern the loss will be in betweén.

FLOW THROUGH AN ORIFICE

1.

2
“Ap = 8 —22D v

2 = !
(Dr/Dz)z 2 E—— . )
7 . s
V to be taken at orifice, For D, /D, = .5; the é
coefficient becomes .98,
ONE.

D, /D, must not approach




FLOW OVER A WEIR ; in analogy to orifice effeat

2.
Ma. -Ap = .,51;-%‘-{—-

_ FLOW PAST A DISC. | in an infinitely broad stream

2

12, - -Ap = 1.12 f;] = C, éé&m V = Veloeity of undisturbed stream

- FLOW PAST TANDEM DISCS

1/D Co

12a. D = Diameter of disec 0 1.12
L = Distance between discs 1 .53

2 1.04

3 1.54

For NON-INFINITELY BRQAD STREAM the pressureiloss is 1afger because of the
higher velocity around the rim and the grsaber turbulence produced in the waks.

FRICTIONAL CHANGES

These are usually divided into axial flow losses and cross flow losszes. HNobh-
ing was found in literature regarding other anglesof incidence,  Formulze and
values for cross flow mentioned all refer to a laboratory set up with a welil de-
fined flow pattern; perpendicular to & rectangular bank of tubes. Nothing was
found in .iterature with regard to the flow conditions in a usual heat exchanger,
where the width of the rows changes continuqusly over the diameter of the shell,
except one mention in KERN, Process Heat Transfer,

Two things have, therefore, to be done here:

1) Comparison of cross flow pressure loss equations of different authors.

5

2) Adantatlon of the fermulae for the ideal rectangular tube bank to ths
tube lay out in a real heat exchanger. :

| Comparison of the egnations of different authors

The pressure loss may be presented in the form

13, -Ap JACOB, MCADAMS p. 126, ASME, Vol. 60, p. 383

| .
. -Ap=1i ?OG%X;? ['w| HUGE, ASHE, Vol. 59, 1937, p. 575



' ~ 14 d 4 N6 ']
] whp = £ & L fHY ) (B /e
15 p=£f3 T C /‘(W) Q’ - o B j

GUNTER, SHAW, ASME, Vol. 67, 1945, P, 6L

. . lb/br in (34), 1b/se in (13) (15)
with Gz u -
mass veloeity in narrowest place
N ¢ Number of rows in direction of flow

p, ¢ Longitudinal pitch, center to center distance b
p. ¢ Transverse pitch r
H s Viscosity of fluid at bulk temperature D
K Viscogity of fluid at wall temperajure-
L Length across rows (:)CJ CD'C)\EJ
, ~
with regard to (13), (15) : _ PL 00 C)\J
- - _ ___IDOf\Of\
' 1175 F /Gd < AN
13a . f=1.25+ ywr BT acc. to JACUB
) B _4)7 I o
d
1 faa T '
135, £ = |.23 + ot & © acc. to McADAMS L e
B oy
d b
: "5 i
15a . f=2x .96(—-2{-‘1) acc. to GUNTER, SHAW -

HUGE and others -- comp. ASME, Vol. 59, »p. 567 -- give f as funetion of
Re irn a graph.

llha; Jf 2o

45

1000 o000 20000 Y0000 Rg

Actually f depends somewhat upon the longitudinal distance between the
rows, but the variws grapis are very near to each other, The given curve is cor-
rect down to p = L.25 d. For triangular pitch p. is still smaller,

= Y3/2 p, = 1 083 d and the resistance may increase very rapidly with decreasing

pL"

In ASME, Vol. 59, p. 587, GRIMISON reports values for f at "equal flow
. area in transverse and diagonal direction," that is for triangular pitch. His
Valuesjover the range of Re = 8,000 to AO 000 are almost identical with those of
HUGE .

(13a) and (13b) give nc account of p,» (15) represents a later development
and considers wall temperature, p,/p, ratio, dyy /p. ratio and, most notably, the
hydraulic diameter dpy in Re, as the more congenial characterxstlc length ingtead

~of d. Results of w1d£1y different tube arrengements and flow condltlons are giv-

en uniformly by f vs Re acc. to (15). Again, as these results “derivedfrom
laberatory set ups, even (15) will not yield a necessarily correct figure for an
_industrial exchanger,




Example

Air at BOO°F, p = 26 psia, O = 6 1b. s triangular pitch,
- ft? se '
P, = p, = 1.25d, & rows of tubéss d = 18
2
“AYp = gms-_.,m Compare Z in {13), (4), (15) and (16).
2 £ = ,15 in (16; refers to formula (14).
O AN
d = 0833 ft, & = 2,23 x 10 96;- A1
’ ' 1.]* 2 (. ]
z 2 i e z é 2
p‘r/pL =1 L
p,/d = 1.25 Re(d) = 2.24 x 107, Re(dy,) = 1.61 x w0’ .
hce. to (13a): s
g%ﬂ = 2.2, x 107, @’9-) ey
£ - (.25 + —-1%'15-3-) X 4222 = (.25 + .525) x ,222 = ,172
) 025 ' : . .
Iy e
Cizay ™ L=z 172 x 8= 5.5
Acs. to (13b):
_ 1\ ny -
f = ,222 CQB +_m°22h> = ,222 (.23 + J492) = .16
Crap=bx 16x8=_5.12
Ace. to {14): _
_Apggf_fl\ixl,’%xl@éxlo”s 167
2¢ 5,52
£ from (14a) at Re = 22,400 equals .12
g 8 x .12 x 13 x 167 x 10
{j“_'"CI‘O = 5-?&2 - = 30814- _
Acc, to (15): _
) ‘ — 45 ; : .
2 x96x [—b X .06 (8 = 1) V3 x 1.25 d¢ gns)
(s = . - = 2x .72 4 b -
. 2.23 % 10
ey = 1.92 x 2245 x 10,5 x 801 = _3.96
For G = 10 —22=  Re(d) = 3.74 x 10 Re(d,) = 2.69 x 10"
. £t se
€ . .= 5.5:2% . 5.1 € 5.2 2296 o 05
Gsed 0222 e (2> .222



oy o1l |
gm)" s TR L

= 1292 % .228 x 10,5 X L8601 = 3,69

It will be noticed that & decreases in about the same ratio for increasing
Re , in the various equations. Sg» may be increased to L.5 and 4.2 for G = 6
and ZLO9 respectively,and thus brought nearer to McADAUS values, 5(/35), by malii-
plying it with 8/7; & is number of tube rows, 7 number of distances betwesn rows.
Regarding this point there is no very c¢lear distinction in the lifterature.

To:go safe,agzgé) should be applied.

Adaptation to the real hest exchanger

1. The 25% cut baffles exchangers

G :
A Poyins = Fagins ﬁ ;%;' P :

. ) g = HZ% gs (Ds = Depen )

. = o <
16+ 4 1= .75 L for 8>30°

. ] . . L= L,fOT’ﬂ“SOO

) These equations do not consider either Gy = M
the constriction of flow area by tubes or DE

the true averapge value for G, and G,y.
fax 1is known from tables; £,,. might be taken
from either (13a), (13b), (lka) or {(15a).

2. The disc and doughnut baffle exché,ng_er:




H . b4
Yg F Dbi = Mg

L p,
17. ' ' { G, = 2M
¢ ) LTT(Db; + Dbo)
Gox = : 1M

Remark: same as for (16) — ‘
. ‘ ( L ﬂ"(QDsz + Dboz - Db;z)

3. The exchanger with central duct:

N - (Ds + Db,) - (Dd + Dbo)
b  Lop
189 ' . < GC.Y‘ = 7 2M
Lﬂ(Dbf + Dbo-)
Remark: same as for (16) Gy = 12N
] (2D, - 2p,* « Dbo )

3. METHEMATICAL RELATIONS REGARDING THE
TEMPERATURES IN A HEAT EXCHANGER

. When handling a heat exchange problem the four temperatures, at” inlet and
outlet of the two flulds are usually given. The aim, then is to calculate the necessary
. area of transfer for the given temperature range ard the flow conditions and prop-
erty values pertaining to it.

Nothing'can ther be said of the actual temperature either of the two fluids
or of the wall separating them at any distance from inlet or ocutlet.

For detailed caleulation of heat transfer and pressure loss Xnowledge- of the
temperature at any place of the system is essential. Following are,therefore,
given the functions for all temperatures, temperature dlffcrences and s6 on which
will be present in a heat exchanger,

It is assumed that there exists a well defined area of transfer and that the
transfer coefficients as well as the specific heat of both fluids are constant,
The equations are built up in such a way that the inlet temperatures only of the




s

fluids are supposed to be known and, of course, the initial temperature differ-
ence. The ensuing temperature changes down to the outlet temperatures may then
be found anaglytically.

No derivations are given since nc problems deserving special mathematical
interest sre involved. However, the limiting cases for the infinitely long ex-
changer, for equal and zero individual transfer coefficients and for equal heat
flow valups, are mentioned in detail.

In the last section the derivatives of the temperature functions are pre-
sented. Théy may be instrumental for proper integraticn of sevéral of the pres-
sure loss equations irn chapter 2.

SYMBOLS
T : hot fluid temperature x ¢ distance
t ¢ cold fluid temperature L : length of exchanger
T, ¢ initial h. f. temp. A : heat transfer area
Tet end h.f. temp. & ¢ A/L, area per unit length
t:: initial c¢. f. temp. _ M, ¢ cold mass flow -
te: end ¢.f. temp. _ M,: hot mass flow
6 : temperature diff., (T-t) Cp, ¢ cold fluid specific heat
8. : initial t.d., (T -tu) Ce2: hot fluid specific heat
Be: end t.doy (Te-te) Wi: Mycp,, c.f, heat flow
8, : T.-t 8, + B,= 8 Wos Mycp,, h.f., heéat flow
g, : T-T. h, ¢ transf. coeff. wall —c. fluid
T.: wall temperature h, : transf, coeff, h. fluid— wall
Hre ety U s overall heat transf. coeff,
% Ty-T C : abbreviation, aU(L + .&)

W, W,

These are employed for parallel flow, For counter flow

©¢ is replaced by ©. (left hand) 8, = T ~be

G W " " G, {right hand ) By = Te=t:

1" it 5 ay |.L - L ,
W, W,

©; remsins, otherwise, as AT = Tautt

PARALIEL FIOW

19,
3
i
&, Z - Te
I A e
& £ te
e
i " A
¢ %
ol




1 £ = 6,: e Se = e,_ e
2 bl N2 (1-e™)
W, + W,
W Xy
e B : 1 }
o Ae e g
W -,
t=t, +8 2 (1-e™
l+ ¢t ¢ W; -+ Wz ( )
5 TaT -8 e (Lee™)
oo W, ¢ W,
. Wz_
5a. For x —» oo b =to + etwt . .
' W
Tew = TL = 8 coremomtooan
@ = LW, + WZ
b = Te
h -G¥
é 8 = &y —Z e
r hi -+ h 2
h| -
7 8. = G e
2 v h, + h,
S h W, —ex W,
To= t; + 6 2 = e 4+ B =t
o w= Boo ¥ ‘<h, v B, W +w) W, o+ W,
' h W —Cx
T,: t 95 2 = = =
W= e (h, T h, W, + wz>
h, W,

5. = To =t gonstant
Ba. fcrhi T h, W, w w5 Gonstan
8b. for W > ha d L 0, for 411 x and vice versa

‘ W, + W3 h, + h, dx AR
for W, = w compared with W,, as in the case of a boiler,
W
£ g — B - - .
i@,an rowm t(_ + I’fz + o= 6(_ (1 e ) t‘(_
for h, = o  compared with h,, as in the case of an economizer,
. : : h -
Bo. Tw=t+@L=t+65———a'—-8cx==t

hg'i-w



'GOUNTER FLOW 4 : /

7
% |
& ) ' ~——
Z | I < G [ Te 4
< X """-u-...______ T
gﬂ r ’ -""'&-—-. _____‘:_ﬁgrcm
\ M
ﬁ; : .
1 £
o
- L
9 ey o . 6 =6, ec(L—x)
2
_ 1 - W,
6,__... AT T Wz e
10. < Lf
Yo
_ l-¥
e»= AT-ec‘- A Wz_
L W,
W,
=w .
% B = AT e
1-_%e
1
. : b
_.19' - AT l - ec
o -WI 7 e..c_[_
11.. ] "
' el
_?9 - AT l - & ¢
. 2v¥ Wz. e“c—L
wl

for W, = W, , the e = function has to be developsd into a series and
0,,6,.,2,.,%%, will become



9b.

12.

13.

14.

- 12a.
13a.

lha.

15.

16.

P

1 _
AT TTUE - O\
W
= AT 1. =&QN
1 o+ W
UA
AT 1 , constant
1+ YA
W
AT ee.CL_-x)= 1
W._'_.eda 1l
W,
ar el =1
Wz el 1
i & =
W,
clL-%)
trl_ + AT; QLm l
— 1
Wz .
— X
T, - AT & =1
Ui et o1
[
W, =W2
| Ua(l - x) 29 ar8ax,
AT UA + W _ ‘ 2= AT gL W
Ua!L - X2 |
b o+ A__T TSR
Uax
Ti AT UA + W
W,
] - =
h’" AT udJ acae e
hy +h, 1 u.'yl-,.e‘d
W,
1-%
h, AT W, . e_-cx
h, + h, 1- E e_d
W,
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15a.

16a.

for h, =

= h, 8, will.be. equal to. €,., trivial.
for W, = W, 8, and 9, will become constant and T, a linear function
of %, just as t and T,
(In the parallel flow case t, T, T. will never become
‘ linear.)
W, = W2
by 1 B, 1
= AT 5 B e AT e

W

e +%’Lﬁx)
Tow t, + AT —?

1+§§’
W

If the temperatures ti, te, T;, Te in a heat éxphanger are given, (13),
(14) and (16) may be used to calculate T, and all intermediate tempera-
tures. ' . '

DERIVATIVES OF THE TEMPERATURE FUNCTIONS

Parallel flow:

17,

18.
19,

20.

.Cbunter

21.

29,

23.

40 = -g;C ™"
. dx
at . 0.C 1 e
dx . 1+ 2%
. 'wz._
P IR
m.—;-@LG [+
dx 1+H_{
WJ
i-rn#ﬂ‘m h.L _ wz - Cex
dx h, + h, W, + W,
flows
W
1@,__,,0 W, e—CX
ax l—i?;e—“‘
W,
dt et ax
av | _ Te
dx CWl-et'_LwlA '
Wz
at | ¢ AT e °F
dx ‘



(1 TR hzh e ;w%)e“
d -y 4+ g i
24 . a_%_ -C T 2 AT
i 1
for W, = W,
y 4o
21a. e Vz
I ar _ dn,
224a. dx=mW+UAAT = 3 = I
L. GIVEN DATA
e @ ?
—em N T =
Bk G —= ©®
— |
@ | 5
- HOT HEAT EXCHANGER
_Observed data on January 22, 1934
Time 10:35 11:23 12:20 Time | 10:35 |11:23 | 12:20
g 195% 292% - 336% g 388 | 560 | 638
L 384 565 565 T 730 950 | 1060
to L37- 571 631 {30 822 _ 1060 1170
Tso 585 775 857 Tso 1190 (1430 | 1580
T, . 256 368 L23 Tso 495 697 795
Masw 6.61 1b/se (8.2 '1b/se' .91 1b/se Maiv 65,61 8.2 9.1
- M?ls 5_936 i 6002 " 5a8 L Mqu.s ) 5o36 6a02 508
P . || 9.5 psig 18.5 psig 23.75 psig | Paa | 2ho2 [33.3 | 38.45
pll "ng =1101 '.' W =17 il W '=221 L W pzz ﬁng mon{i.Ql “0615 _=o795
p:.z -p.” - 2°2 " Hg &305 _” Hg QAGBS g’ Hg pg; ap5‘ . ‘:’1008 ‘“1072 =2u11+.
Pa: "Pso ||= 3-4 " Hg |=5.5 " Hg | «6.5 " H% D, ~Pso | =1.67 |=2.71 | -3.19
Data'é.s received Data in °F, psia, psi




Fig. 1 shows temperatures and the pressures at the four stations 22, 28,
31, 30 as function of M.iw. '

Fig.

2 ‘presents the heat exchanger with principal dimensions.,
Fig. 3 may charactérize the flow patiern.
Fig, 4 shows several cross sections ef fhie exchangen
Fig. 5 gives a gfaﬁh of the temperatures all over the length of the heat

exchanger for M, = 7 1b/sc.

Fig. 6 gives values for P, and for f, at different pressure, for air vs.
2 ' temperature.

Fig, ¥ gives values for Cp, & , K, for air vs. temperature,

Throughout the calenlation, consistent units are used. Basiec units are:

for Ilength : foot B i 4
_mass . : pound o 1b
force ¢ poundal: P
time _ ¢ second 86
temperature s degree F . OF

Derived units:

‘viscosity s K ib/se £t
conductivity : K BIU/°F ft se
density s 8 1o/t

mass flow : M 1b/se

mass velocity s G 1b/ft* se
heat flow . : W BIU/se °F

The pressure losses are first of all derived in p/ftz and then transformed
into " W, 1" W 3 167'B/ft*. , . pope

5. THE ACTUAL TEMPERATURES
IN THE HBAT EXCHANGER

MASS FLOW AND ENERGY BALANCE FOR M = 7 1b/se .

For the three trial runs at 10:35, 11:23 and 12:20, M may be assumed to in-
crease steadily from 6.61 to 9.91 1b/se, at the air side; this is not true for
the gas side. .

For M, = 7, Mqas is obtained as follows:

[

My, 10:35 = 5.36 Yo . Ma, 10:35 = 661
M, 11:23 = 6.02 ‘Ma, 11223 = 8,20

AMC, = 066 ) AMQ_‘: 1059

n




AM, between 7 1b/sé and the value &b 10:35 equals 7 - £.61 = .39

232 = 245, The same fraction, applied to the gas side gives a rise in
1.59 Mg of 245 x .66 = .161.

For My = 7, therefore, My = 5.36 + .161 = 5.52 1b/se

If t denotes the temperature of air and T that of the gas, given values
are: :

tu = be = 44OOF ‘ Tio = To = 550°F
t‘gi = t@ = BOOOF T@ = ?
teo = t. = 895°F Tso = T. = 1255°F

Te has to be determined.

For the overall heat exchange

it

My Cp, (895 = 440)
7 % .2526 x 455 » Radiation losses

My Gy x (1255 - 550)
5.52 x 267 x 705

Crg

Radiation losses = 1040 - 8085 = 235 BTU/se

and Cp, from KEENAN--"Gas Tables'

This amcunts to 22.6%

The losses are partly given off from the cuter skin to the ambient air, part-
1y carried away by axially flowing coolant, on the outside of inner shell. They
cannot be calculated in a simple manner; thus, their distribution has to be esti-
mated. Assume: 80% of the losses occur in the p&rallel flow exchanger and 20%
in the counter flow exchanger, along the first 3 < 4 feet.

First of all T, is calculated . under the assumption that NO 1osses oceur in
the counter flow exchanger. The shell side and tube side temperatures, t and T,
are then obtained from 3 - 13, 3 - l4.

N As next step Te is fixed as Ter plus 20% of the difference (Tr - Te»), the
total temperature loss of gas due to radiation. The final graph for the gas side

(tube side) is then drawn through Te , gradually approaching T’ No appreciable

effect of this variation T (x)—T(x) upon t{x) is considered; however, since the

actual temperature difference T(x) - t(x) is greater than the theoretical one,

T/ (x) - t{x), a smaller factor UA (overall heat transfer coefficient inte area)

is at work than in the ideal case where no losses ocgeur,

Calculation of UA, the constant referring to the physical heat exchanger
will, therefore, be made based on T, whereas calculation of C, referring to the
process—under the assumption of constant UA—will be performed based upon Ty-
for the purpose of determining. t(x)., This C, from now on, will be called c'

THE COUNTER FLOW EXCHANGER CALCULATION OF Te' , Te, G'L, €'

1.77 Wa _ 1.20

w +
1.475 7

Wa = Ma Cpa.
Mg Cpq

=
i




Vg (Tg = To) = Wo (Yo = t,)

Tet = T, +,§¢ (te = ta) = 550 + 1.2 (800 = 440) = 550 « 432
AR

To = 982°F
The total temperature loss, due to radiation of the gas, equals
235/Wg1 = 235/1.475 = 160°F, Te = 982 + .20 x 160 = 982 + 32
L Te = 1014°F
From3 - 10: T, = t, = (Tes - tﬁ) —ulwiw-ﬁii
-833
550 = 440 ~ (982 - 440) m;ﬁfiézmnm
. 833

e® - .833 - 22 . 167 - 820

[}

110
e%t - 1,655 C'L = ,508 et o .60
. GJ = d-‘iirp\:é = .,0 2
. 1&675m§£m
CALCULATION OF t, T', T
- e ‘{Lax) -1
From 3, - 13: t(x) = t, + (T, - ty) AR
1.2 =1 -
{ ) 0 e -1 o 0 (1.655 ¢ ¥ = 1)
Pix) = 440+ 5“2 T XI55 =T " MO+ 5 . s -
t(x) = 440 4_910 e - 550
1. t(x) = 910 7% - 110
F 14 Tt') 982. 54k ¢ -1
Tom 3 - H x) = ) = 833x601,,=-1
T(x) 982 = 1090 (1 - &™)
2. | ) = 1090 - 108 | |
L0342x | 9 . = 1090 g~ °°° t T T
' 1050 800 | 982 11014
985 710 877 8480
gag 631 781 781
801 559 693 693
725 WoL | 616 | 616}




CALCULATION OF UA

With C'L = .505 and AU = CL "i""LT , from chapter 3 - SYMBOLS,
| oo 678 L = 565
= 1505 < = 447 Ws e

(av)’

.113

AU; the effective average term,
is smaller than (AU) by the

ratio :
Average of (T’ = t) The averages shall be taken at
Average of (T - ) ~ x . 0,3,6,9,12, and 14.75[ft]
x 0 6 9
'~ t | 182 | 167 | 150 | 134 Z(T'- ) = 865
T -t | 204 | 170 | 150 | 134 Z(T - t) = 900
- L4.47 x 865
AU = L.47 x 500 .
3| AU = 4.30

THE PARALIEL FLOW EXCHANGER

T(y) is more or less fixed by T(x) and Ty. For the curvature of t{(y) in
" point K-L (Fig.5) a simple rule may be applied, in absence of exact calculations:

| | at ! °

) (T_(y) - t(y)>;<-u = 140; _(T(x?,~ -t(X)\G = 21hs [a-x-ﬁ =35 %

ldb| " . 35 1O _ 59 OF
., PR

Thus, t{y) may be drawn between I and K-L.

TEMPERATURES, DENSITIES AT DIFFERENT STATIONS

Fig. 5 shows t(x), t(y), T(x), T(y),so that all temperatures required for
the caleulation of the pressure losses aéwcertain gstation and in certain compart-
ments may be read from it. From Fig. & the corresponding values of © , at the
appropriate pressure are obtained. From Fig. 7 those of & are taken. .



@ x 10°

i~

gl |
t f | dx10° t Pl x0T ¢

Ao || 440 | L0785 1.80 E, | 650 | .0625| 2.05 800 | .0552| 2.23
LLO | L0785 1.80 C. || 720 | .0595! 2.12 800 | .0552| 2.23

L66 | 076 | 1.82 | | E, | 775 | 0562 2.20 850 | .053 | 2.30

490 | 074 | 1.85 F || 785 | 05571 2.22 895 | ,0512] 2.35

518 | ,072 | 1.88 F, || 785 | ,0557) 2.22 895 | .0512! 2.35

540 | LO7T 1 1.91 F, | 785 | 0557 2.22
600 | L0663 | 2,00 G || 800 | .0552] 2,23

¢ = OO W e
BN e 1 I

Between t § 1 &x 107

B-C K15 | 075 1.83
C-E 520 | ,072 | 1,89
E-C, 560 | .0685] 1.94
C-E 620 | L06L5]  2.01
BC, 675 | .061 2.08-
C;E, 7L0 | 058 2.16

In both tables f refers to 26 psia.

'MASS FLOW AND ENERGY BALANCE FOR M = 10 1b/se

M, 11:23 = 6.02 M, 11:23 = 8.2
My 12320 = 5.8 M, 12:20 = 9.9
CAMg = -,22  AMa =17
A M, between 12:20 and 10 1b/sc = .09
. .22

Corresponding AMg equals AM? = =,09 TR = =,013
for M, = 10, M, = 5.79 1b/sc
t, = te = 6LO°F | Tro = Ty = 795°F
ty, = ts = 1060°F : T, = ?
ty = t, = 1170°F Tso = Tp = 1585°F

Determine T,

Co, = o260 from KEENAN & KAYE

Cog = o276 "Gas-Tables"

[

Mg Cpy (1585 = 795) = My Cp, (1170 - 640) + R.-losses

5,79 x ,276 x 790 = 10 x .26 x 530 + R.-losses

BTU

R - losses = 1260 - 1380 = ~120 === 2

Obviously somethingéis wrong with the given data or conditions were not yet




6, CALCULATION OF FLOW AREAS, TUBES., AREA RATIOS

GIVEN
Total length for heat exchanger
: batween A-T = 17.5 ft
Shell inside diameter D = 3 "
Duct outside diam. Do = 1.25 1
Duct inside diam. Dye = 1.125 "
Flow area diam, at H Doy = .8 H
Outer baffle diam, _ ‘D, = 2,06 1
Inner baffle diam. Dp: = 2.25 ¢
Tube diam. _ d = 1" or 1/12 ft.
Heat exchanger inlet diam, Degy= 1.07 1Tt
Thyee ducts: Heat exchanger ocutlet diam. D¢y = 1.0 "
Radial flow diam. at F Depy = 2.0 "
Same at T, Ay =1 u
Effective diam. at H D.p= .8 "
Total number of tubes N = 504
Number of tubes at B Neg = 230
Number of tubes at C N, = 185
Effective number of tubes at D  Ngy = 310
.. Actual axial flow ares _1.18 -1 _ .72 R = 018
Ratio Area without tubes =~ 1.1 8% 1.72 = ok
. S = 5/h
. Actual cross flow area = R.. = .22 a X
Ratio Area without tubes w 5/k
. Actual flow area at A R. = Dy - 686
Ratio Possible flow area at A (¥ bo = P, ‘
Dy
RC&) = 455 &Ssumed Rba = -v[-}---—- = 075
derived on next page . s
Flow area at F' Aeey = 6 % 4/12 x 6/12 = 1 £t°
Effective flow area at H Agp=1 ft*
CALCULATION OF CROSS AREAS at all stations
Stations: A,, 4, B, C, D, E, G, E,, C,, F, F, F», G, H, I, J, K, L
z
Re A =Dyt k=107 1k - .98t

L oa2



Ay = ™k (3° - 2,25% - 230 x .00692) x .5

By = /b (9« 5,08 - 1.59) x .5 = /8 x 2.33 - .915 £t”

Rov = Black Area -5
%) = Full Ring Area
B By = /h (Ds* = Do = Negy @*) = 1.83 £t~
B 3

c A = 0/k (Dp® = Dap” = Ny d%)

= /4 ( 2,06 - 1.25 - 185 x .00692)

= 1/l (425 - 1.56 - 1.28) = 1/ 1.41 = 1.11 £t °
D Assumed to be the average axial flow area,

as computed in chapter 7. A% = A, - = 1.53 ft°

E alike B = 1.83 ft°
c, alike G = 1.11 £t
E,, B, alike B _ = 1.83 ft’
Ca alike C = 1.11 fi*©
E Aepy= 5 x W -DCF-) X Rey

= .5 xmx 2.0 x .22 = 69 ft°
F, Agp= 5xmx1x .22 . = 3Lk f17
B Six rectangular openings, Ac¢g,) = 1.0 £
G Ace> = Do/l minus several ducts :

= 1,125% m/L minus = .99 minus ~ = .95 ft°
H Aggy= 7 Doy X b = Jhrrx .8 = 1.0 ft°
i = 433 £8°

A(I) £ o'5TT Dd_o X Rcr= osﬁ X 1525 X 022



B

1.83 £ft°

t_:[ A(g—) alike A@) . =
K Aeey= 3 x .75 x (1 % 2) xR, = .86 ft°
S s sy, N x
SNy 77725 N\ §
.\ Y PN k
. . . - >N
DR b o 3 _
- . L }f / D 5 g\,
- ! %o &
-—r— T— N
. 4 " _ %
. : ‘ Y
Fft

Dista;hce between 1 = 2 ‘=Kl.75 ft

Air emerges from Ring Dy~ Dy, and passes across the tubes until Ds
L Auy= 3 /h Dy = 3 m/h x 1 = 2,36 £t °

THE HYDRAULIC DIAMETER

'dh

, = d(1.15°- 1) S = 5/4

dpy = 72d  or .06 £t

This holds for all places where the air flows along the axis of the tubes,
i.e. at B, C, E, C,, E,;, C;, Ez, J.

- Between the baffles the flow is nearly in axial direction.' Friction due to
the eross-flow component is handled either according tc 2 -i3 where no dﬁy is re-
guired or according tc £-15, with dﬁr ag defined for axial flow,

At A and D as well as before and after J the flow crosés the tubeswith
the angle of incidence oC , As long as AL'<AL, the length of the compartment

dﬁf can be considered to he /

e

- ™




Y T Wetted Perimeter

oF a, 4 Area

d*er z ‘ 1
4 =ipT(lolswl)m
by rnfde 4
2 2 ecosi/
d (1,1 8% 1)
B dip, = : =
, : ry 92-(1+c059()

for &« > 600, €.2., the formula will be
vold of sense. ’

For perpendicular incidence no d,,,), is required
for frictional loss. See 2-13. "At F, I and
K K= 907 but there is no heat exchange

assumed; neither d,,, nor h have to be caleu-

lated. ’
For S = 5/4
. - le d )
2- dh7=1+'cosi _
At A, o= 60°  day = %5 xxl% = 080 £t
At D, & = 30° dpy = = 06y £t

7 1.876 x 12

Before and

after  J, o = 450 d,, = Aol X1

- 070
Y T 1,707 x 12 705 .ft

Alt‘nough of no direct concern, dh), is derived for F; F and K as follows:




e de | 1 g 4 - L x 1/1;2xd1£12 = 'L o6

independent from &'L.

7. THE PRESSURE DROP
IN THE COUNTER FLOW EXCHANGER

It will be attempted to analyze the total pressure drop as s variety of
single, fundamental effects each being either known from recognized experimental
data or derived from basic formulae by a process of adaptation to the actual geo-
metrical dimensions of the heat exchanger.

Imnediately two points of uncertainty will be noticed,

1) The geometrical dimensions of the heat exchanger on the ‘air side are
not a_ suff1c1ent base to determine the flow pattern and thus, terms
like G ana & (G = mass velocity). The pattern depends upon M and JS
and has to be assumed, in the first instance.

2) Obv1ously it is not correct to add the various pressure losses ima-
gined to occur independently from each other under various headings
within one and the same compartment or at one station.

As long as there is no tool at hand to compute the actual pattern of flow
with regard to tangential and normal component at each element of area of tubes,
walls, baffles, containing implicite the effects of viscous shear and form re-
sistanceg the latter cannot be computed and expressed in terms of pressure drop
in a strlctly mathematical sense.

. Unfortunately the two standard books about de31gn of heat transfer equip-
ment , KERN and MCADAMS, give no account of observed pressure losses produced by
“the 1951stance cf baffles.

The GRIMISON-JACOB aquatlohﬂblsholds for perpendicular flow, the same is
true for KERN's equation §. -which is but a very coarse empirical relationship.

In the Hot Heat Exchanger the flow is partly axial, partly under an inci-
dence of about 12-20° » never pure cross fiow as far ag the baffles are concerned.

The way of attacking the problem "What is the total pressure dr0p9" has
been chosen as follows:

A. OSeparate losses due to
1. Skin friction
2. Change of flow area or dlrectlon

3. Change of density
4. Change of final flow area

). - RERN  Process Hear Trawsfer | 147




B. Compare the results obtained for similar kinds of loss and correct
them, eventually, aiming at a well balanced overall picture.

C. Try to apply the relations apparently valid after screening, for
other mass flow and for the other part, the Parallel Flow Exchanger
where similar problems are encountered.

| With regard to A:

Axial flow friction
1. Skin frietion< :
Cross flow friction

F4 4
Both depend on Vzg_since.vz = Vay + Vn,, the combined pressure loss

is'obtained.numﬂrically.correcﬁ, provided that the real velocity is
compesed. of two independent components.

2. OChange of flow area or direction
—?._~___ -
.« _ Sudden contraction
: Sudden enlargement
Flow through orifice
Flow past disc
Change of direction and
return fiow

These are local pressure losses and do not depend on any length of

path or materis) contact, although area ratios or velociliy ratios are
involved. They, too, have been added in their effect. OSince these
effects overlap, the absolute minimum has been taken for each of them.

3. Change of density loss

or non-isothermal pressure loss can be computed correctly, even if
the flow area changes betwsen the two statlions considered.

In this case the flow at the down stream station is reduced to the
initial cross area and an additional pressure change computed, with
unchanged density. This leads to

4. Change of final flow area.
With regard to B and C: nothing can be plarned in advance.

For other mass flow the corresponding temperature distribution has to be
'calculated distinctly as done in chapter 5, based on the values of Fig. 1. There-
upon the value of UF can be compared with that obtained for M = 7 lb/se in.
chapter 5, Chapter 10 will give an estimate of how or if h, and h3 change with
temperature. '

If ﬁL.+ ﬁ; is to remain constant, but UF has changed appreciably, F has
[

changed in effect and the flow pattern, {or ancther M, has changed. In this case

the mean value of G and G s, on which the skin frlctlon losses are based, will

have to be computed anew.



.. The wall temperature calculated in chapter 10 won't have any sensible effect
upon the pressure loss. The temperature difference between wall and bulk will
hardly be more than 150-200°F and the corresponding ratie (®&,/&, )"  which
is instrumental for skin friction will, in fact, remain the same. /

Howsver, no peculiar effect upon the temperature distribution of the air
side, between stations I and K, can be expected at variance with that given in
Fig. 5, since the whole rise is only 100°F. Therefore, the computation of the
pressure loss in the parallel flow exchanger will be attempted following that of
the counter flow exchanger.

THE AXIAL FLOW PRESSURE DROP

between B and E,, i.e. betwsen B-C, C-E, E-C,, C,-E,, E,-C,, C,-E,

2

AL

_according to 2~2 Ap = b i
. I Thy

N;GJ
Yo

ALB_C = 1,2 ft. Other AL, on the averagevlleig./S = 2,28 ft

Although the direction of flow changes within each compartment dh), is con-
sidered to be constant, for the axial flow component.

dy, = .06 £t | r,, = .05 ft

4
Since A and G change, G% is derived as follows:

Assumed flow pattern for M =7, V about 80 ft./se :
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N
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D, 2,06 | 2.2 | 2,65 | 2.8 | 2.9 | 3.0 | 3.0 | 3.0 | 3.0 | 3.0
Dy - |[1.25 | 1.25 | 1.25 | 1.25 | 1.25 | 1.25 | 1.25 } 1.35 | 1.7 | 2.25
4.25 | L.gh | 7.00 | 7,80 | 8.40 | 9.00] 9.00 | 9.00 | 9.00 | 9.00
D 11.56 | 1.56 | 1.56 | 1.56 | 1.56 | 1.56 | 1.56 | 1.82 | 2,88 | 5.09
DZ -Di 12,69 | 3.28 | 5.4 | 6.2 | 6.84 1 T.h4 | T.bh | T.18 | 6,12 3.91
Ay |2.11 | 2.58 | 4.29 | 4.91 | 5.39 | 5.82 | 5.82 | 5.61 | 4.81 | 3.08
A7? | .225 | .150 | .0545| ,O0415| .O345| .0295| .0295| .0318] .0432 .1056

AL 475 1 .398 | .233 | .204 | (185 | 172 | 172 | 178 | .208 | .324

1 <1 _
Sa - s $ 5 - oms
Rﬂz Rﬁx ' A* : z

* = 3,66 x Ry = 3.66 x 418 ='1°53 £

This value depends oniy upon the flow pattern, It is assumed to be constant
over all compartments, despite changing temperature and velocity.
A* will slightly decrease with increasing mass flow.
\

-é'r; M 2( 7 )1,42069 %'_:Q;_;i__!

3 2 q

(A%) 1.53 | (se” ft° |
* =-VGE = 4.57

5 .1 M5 1. _jL_ 2.

¢ R 2 h T ABI W

- 7 1b

G = a 6 “
b2 [se ftz_}

Unlike in the case of cross flow described in the following sectioen, G and

 V/G* can be assumed the same for the distance between B and G, here.



o 2
£ P le®2e| X G dny Exx Lo 2¢11AL | Ap

oF [ [ab/etT /st | [1b/se f4) M [e/227 | [Py o/t

£75 | 075 | 139 |1.83 x 107 |l.hx10*| 007! .973 || 80| 78 |B-c

520 | 072 | 145 1.89 | 1.35 L0072 1,04 {0, | 158 |[C - E

560 | 0685 | 153 1.94 132 | L0074 1.33 |[ 2 | 172 (E - ¢,
620 | .06L5 | 162 2,01 1.27 00761 1.23 || | 187 {c,-E,
675 | .061 | 171 |  2.08 1.23 L00781  1.33 ﬁa 202 {E - C,
7,0 | .058 | 180 2.16 1,18 L008 | 1.4k “| 219 i¢,- E,

> Ap = 1016 (g/ft?) w

Ay, = 12%,? 6.1 W

THE CROSS FLOW PRESSURE DROP

Aceording to 2.-13 5 2. - Q_S b
. 3
7 fVCV - f E_
Ap‘_-_z,fwm 5 _Afﬁbmzf

considered paths:between B-C, C-E, E-C,, C,=E, , E, -C,, C,=E,.

I

Average length of five latter distances eguals 11.4/5 = 2.28 £t (L').
Path between B and C will be considered later. '

For the average length of compartment L', G is constant. It has to be com-
puted, however, as average over the different cylmdrlcal layers of the compart-
ments for evaluation of f,.. '

NG* 2y 1
for = fov (@); '—2'5,—=Z(N3\ Gy ) f“‘Nk\(zG;\)“’?
: . ‘ G* N)\ 2 .
Since § is constant for each compartment, 2 f 2 Gy
GA-= Y5 4 = (Wxp) D,
A)\ Rcv- ’



AL

T FF T TT

For all stations between C-E, E-C,,

Call

C,<E, , B -C,, C,-E, :

- N
G = 1.34, constant; E?-§:Gf-= 10.1, constant

N, .
DL

= (G*jz

(@)

o 3 S R
2 S
- %glﬂg .
. = -p’“ i
T o]
e/
2o & ﬂf?
(Ds + Dbé) - (Dbo + Dd.a)
e =
A
e {3£2:25) - (1.25 + 2.06) _ 1.94 _ 485
4 4
N=8.:48x12 , . N, =¥ . 3.16
p 5/4 4 AT g
Shell I-I | II-II III-IIT | V-1V | V-V | VI-VI | VIIVII
M, /4 M 2/ M 3/M L4/ M| 3/, M 2/h M /L M
A, (I-I)r Dr | (II-II)w Dy | 17.5 4.1 | 11.4 | 10.2 (VII-VII)rr Dy
GpRer .073 171 .30 LA98 | 461 | L34 L2112
G, .332 .78 136 [2.28 | 24 1.56 965
GJ\Z 011 051; lc85 7012‘ Lol{—l 2ul¥ll» 093
| T Gy = 9.377; G- 134 —10
—— 't ge
$65=17.45 1/2 N, 5 6= 10.1
Gz "~ 1 _NA ¥ z
AP=AQvNﬁ—ﬁﬁfwm)x?2§§x

= 1/4x17.4 = 4.35




G* = VG = 2,08 SN S

oF T
D* = A/R., x 1/ L' = —3:36
e 2221 X 2,24
* = 2o13
 For dist bet B-C, L'. = 1. L _ 228
or distance between » Loe 1.2 e = 1.2 ,,lo?
G,o = 0x1.9 Eﬁggei - -%ZG;Z) x 1.9
- : N :
Gyo = 2.55 = %ac Gr = 36.5
2_(13b) 11 dG’ 4T
P E #)
a
5 s
D -5 ¢ L e23x.223 4 31 dG) /i)
a o e .223 & )
£ gl & G : @) D
t 10,1/ 48 e ':dG) 4o Ap | Ap
OF | 1b/ft% iu/ft* | 1b/ft se | 1b/Tt se & |\E g/Tt: | "W

1B-c |475].075 | 487 |1.83 x 10 “2l2 (1.7 x 207 206 |71 | 346

C-E {520].072 | 140 - 1.89 .1116 5.9 " | .272 | .785| 110
1E-C, 560 .0685 | 148 1.94 116 575 v | 2T | L9 ;}?ﬁg@s 970/167
116, =B, 620 | L0645 | 157 2,00 [ L1116 | Y 5.55 « | L275 | J794] 125 |- 5.8mW
E, -C,|675 | ,061 | 165 2,08 A116 | 05,37 « | L276 | .796] 131 '

G, -E,| 740 | .058 | 174 2.16 | .1116 5,17 # | 278 | .803]| 140

“[HE_PRESSURE DROP OVER BAFFIES o or 58 "W

The inner baffles, at B, E, B, , E,, act like a disg, perpendicular to the
direction of flow, The outer ones, at C; C,, C,, have the effect of an orifice
upon the stream., In addition, in both cases, there will be a certain pressure
drOp due to change of direction.

According to 2-13, due to a disc w1th1n the 1nf1r1tely broad stream

Ap = 1.12 i~— s : .,wlth V being the velocity before and

. further down stream, after the disc.
o .

”2?"’

As the flow 1z not infinitely broad, the ensuing pressure drop equals at
least this value. Viym, and Gmin are between the baffles, over the flow area

Ap £ 1,12

N1/ (D" = Dyt) Rax= 2.46 O



Halfw-y - S, > AD = 271 B/fET or
befor t £ G/28 | Ap ,
: ‘ Ap = 1.6 "W

B 450 ¢ O7F | 52.5 | 59

E 515 | .072 | 56.5 | 63.5

B, - | 625 | 0645 | 63 70.5

E, WO | 05781 70 78

Z_df 274 ﬁi‘f‘

According to 2«11 the pressure drop over an orifice with the diameter ratio
D, /D, = .5

M

equals Ap = .8

m'm
g

At G,.C,, C, the diameter ratio equals the square root of the area ratio

Dbo- = Dag ™ a24»156 2.68
i v S v

Area ratio for D,/D, = .5 equals .25. In the case of the baffles, the
‘ratio is not so extreme and, accordingly, the pressure drop will be smaller by
_g .696. This is a very conservative estimate, as far as this pressure loss

alone can be considered.
2 2.

Ap:: 8 x 696 2§- 0555 S:

Formal calculation results in
= 1/l (D ® = Dg?) Rye= 10/ x 2,68 x .418 = .88 £i2,

‘True A equals 1.11 ft* (Chapter 6) since there are no tubes near the imner duct.



a6 | ¢ |4 [ e |6 lear] ap
c 190 | Lo7h | i1 | 6.3 | 39,6 [™BE3 [iig
G || 600 | L0663 | 100 | 167
¢, || 710 | .0595 | 333 | 185

SAap = 501 p/ftz or
Ap =3 W E
PRESSURE DROP THROUGH CHANGE OF DIRECTf%N OVER BAFFLES

- The minimum pressure drop over a 1809 reversal of direction in a sxngle
duct equals, accordlng to 2-10, :

For the most adverse case, where the return flow passes through a header with
several ducts going into and out of it according to 2-10a,

This relationship must not be true for smaller angles of deviation, .
The turbulence set up wili, t.hen9 be pronortions)iy smaller. However, within
the heat exchanger the du@t ig n@iin€15“n§3 BEY “smooth, The ensuing pressure
drop is, therefore, calculated according to <-9, whose general form is

f‘y—mi’m

o about 36°,
over eac¢h baffle

%2? Vi~ w05 36

= 306

Thls appears to be much, since part of the lateral change in dlreetlon is
already accounted for through the preceeding sections; “Flow‘past dise" and
"Flow through orifice.®

On the other hand, the pressure drop in the preceedlng two sections refers
to ONE disc and to ONE orifice. For tandem discs (ROUSE, P, 249 ) the drop is
considerably larger, 1.54 in place of 1.12 velceity heads, In lien of .306, a
- factor of .20 is applied. This drop cecurs at stations B, C, E, C,, Em.Czo



Station | G°/28 | Ap |

. B 96 | 19.2 |
c 268 53.7
E 103 20,6 !
C 294 55.5 |
E, 117 23.4
c, 333 | 66.7

S Ap = 243 p/ft” or 1.45 "W

The total pressure drop between A and F amounts to

6.1 longitudinal loss
L.3 transversal loss
1.6 disc resistance
3.0 orifice resistance
1.45 change of direction loss
= 16.5 "W |
In order to compare this with the pressure drop on the air side in case no
baffles would be present, pure axial flow over the area m/k (Ds* - Dy,°) Rax is
considered

Wl (De? = Dal) Rax= /4 Tobh x L18 = 2,40 £1°

y
EJ%E = 2,87 ib/ft se jiw,aqﬁ assumed as ,062
Ap = 4 £ fg d%, ‘ 5;xavﬂmq€ assumed as .0075

) 5. 8‘72 1 ‘
= 4 x 0075 5% 063 06 = = 463 p/ft’ or 2.7 "W

Now if the area of 2.44 ft is reduced to the root mean square area A* = 1.53,(}J§-
the ensulng drop will become ‘ |

2.77 1——’5*%) = about 7 "W

-
I

Roughly speaking, more than half of the pressure drep actually encountered

4s due to the baffles proper; that means to the "disc"~-YorificeV-Mchange of direc-

tion® effect, in addition teo the effect of cross flow.

In fact, this flgure of 7 YW compares well with 6.1 "W for axial pressure
loss as computed previously.

PRESSURE. DROP THROUGH CHANGE OF DIRECTION AT A, F, F,

,At A the flow swings gently around from perpendicular to lengthwise direction,
with regard to the axis of the tubes. No loss is_considered,

At F and F, there are abrupt 90° turns;




p 2 Z
Ap = -?Vl - cos& %—-: .,’?O'Zgi-m

Betwesn F and F, ’c,here is & trcmendouc‘ acceleration dve to the reduced cross
section at F A(F> = .69 £it* y and the still decreas:.ng geation down to A(F‘)-. JM el

2
The pure velocity head A(%), however, is regained to a cert.a.ln amount at

F, ;, with a cross section A - 5= 1.0 £t , compared with Az y= 1.83 £t s when the
acceleration started. At G, Ay = 1.0 ft.z - This Bernoullian’pressure head
difference is part and parcel of the overall: static change due to variation of
flow area between A and G and will be includ.ad implicite when the latter is cal-
culated later on. : :

. ' N B 2 '
. Here, the velocity for which the eguation Ap = ,707 % applies has to be -

chogen., It may be taken as V., at F and V5 at F,,
' Station A a ¢ | 625 | ap|
F 1.83 | 3.82 | 0555 | 115 | &2

F, 1.0 7 20552 | 443 | 312

ZAp = 394 p/ft”

or

2,35 "W

PRESSURE DROP DUE TO WFLOW ACROSS TUBES®., BETWEEN F AND F

There are about 6 rows of tubes the flow has to pass through radially, be- .
tween F and F, . Tsking the smallest possible number for rows, il.e.

225e125 T x i x L

Dt = D:i.g.u == §
2 5/L 1/12 5 x 2 ’

2P

n"-._-

and the smallest mass velocity, at the largest circumference, at F,

M .M i 1
5L x 2.25 97 H...

Gyn;“ = A?nax = A(r} -]

G‘Mh—\ = 7

= 8, b/t
5L X 2.25 7 x .22 35 1b/ft"se

and applying 2=13,

Z

—prangzs,

there results a pressure drop of

’ —tS
8 35" —_— x 061
bifees 550552 - fee = o723 (2"%%'?1‘6*)

fo, = .,723(2.2;& x 20°)7 = 723 x .222 = ,161
LN, =4 x5x 161 = 3,22
G _ __ 835> 35 _
2§  2x ,0552  ,0552 635
= 635 x 3.22 = 2040 a/f8>  or 12,2 W

Taking into account the still higher mass velocity towards the .,entre, an average
Ap of about 16 "W is obtained. : :




- Thiz is by far too large. No rezson ecan be given ay this moment for the
excessive resulﬁ exnept that formulas 2-13 may not be applicable in itz present
shape, o . . .

The restrlctlon of flow area by the last baffle, at B,, is con81darable
This piece of metal seems to be entirely unwarranted where it is; it should be
Jmoved 1/2 foot towards C,. No appreciable loss in heat transfer will be ine
curred, but any pressure loss over the tubes to the 6 openings will be reduced
~to ONE QUARIER. :

Agsumed pressure loss between F and F, , under present conditions:

Apﬁh oy

Between F and F, there is a sudden enlargement from OBAA to 1.0 £ft% Mo
additional pressure loss is associated herewith, since the loss hetween F and F,
is due to a number of contractions and enlargements of flow area represented by
- the number of tube rows, N, in equation 2-13, and the enlargement from .344 to
1,0 £t* is nothing but the last of this series.

1n the preceedlng section THE CROSS FLOW PRESSURE DROP has. been obtalned as
5.8 "W, Possibly this is too high because of the same hitherto unknown reason
which gave a result of 16 "W, as mentioned above. Ilet 5.8 be cut down to 3 "W,

These correctlons do not effect the derived pressure losses due to "dlsc"-
"orifice"; "change of direction." gffect.

THE NON-ISOTHERMAL PRESSURE L0S3

!
This applies as a whole over the path A,-G. As the areas in A, and G are
different, the arrangement has to be replaced as follows:

) Aeay # Acess ) # -?@
Ao T T = — — A= 090 £t A= .95 £t

Exrsbring arrangermnent
o 7

B
|

Aeny = Aeerys Stany #5en
Aoy # Aeeny Scen = Swen

S PO OO U PP—

Aia Egu.-vq_leué aamr:femené G* Py
' Aegy = Acem

The non-isothermal pressure loss A,~G is that to be computed for 4,-G'.
! t s G G*/9

A, || 440 0785 | T.77 773
G' || 800 ,0552 7.77 1090




2
1%, G- 1k G
1090 = 773 = 317 w/f6° or 1.9 "W

Ap

i

Ap
THE BEHNOULLIAN PRESSURE CHANGE

#

This effect is the last to be considered in this context. It equals, with
regard to the whole counter flow exchanger;

g2 c*|
- (), - (3),

s Area G G* G¥/2¢e |
¢ |l L0552 W90 1 7,77 | 60.4 | 54T |

G" | .0552 295 | 7.36 1 5k.2 | 491

Ap = =56 p/ft*  or  -.33 "W

The mimis sign indicates a pressure gain.

THE TOTAL PRESSURE DROP

1) Axial flow pressure drop - s  very likely 6.10 "W
2) Cross flow pressure drop : probable : 3.00
3) #Disc® pressure drop s probable 1.60
L) wOrifice" pressure drop :  combined 3,00
~ 5) Change of direction within effect

baffles § 1.45
6) Change of direction at other

places :  possibly too high 2.35
7) Constriction between F and F, ¢ possibly too low 4,00
8) Non-isothermal pressure drop s . exact 1.90
9) . Bernoullian pressure change s exact .33

Total ~ 23,1 "W

The result obtalned appears to be on a reasonable foundation, though details
are questionable. . -

The observed pressure drop for M = 7 1lb/se, interpolated from Fig. 1, is

2 . .8
zgiglz -8 psi or 5351 = 22,1 "W

Caleulation of the pressure drop for mass flow other than 7 1lb/se as well
as calculation of the pressure drop in the parallel heat exchanger, along the
lines developed here, will indicate if the method is socund.”

A1l individual pressure losses are proport1onal to G%f. The greater part
of them is proportional, tco, to either £, or (?{:@, .

Assume that all losses were £ to (G°/F)*(Function of Re).



former value when

o ? n? o 100 2 P B geryecks s ' i
G e = Fmay “K% = Guop % Zo0h,  Dor wnchernged £low pattsrn,
: (4 ey
£ = 5 Bme (&, 2 5603,
Ce e T My i EVeS
pM"’r’ “"“‘m + hOQ}an
-1 ’ # 2 VNG E )
3 L€ A3 3098 ¢
JM‘—”—)O e J{ﬁué 1310 ﬁbm:*’? x 1.2

Horgn = & o = 2,03 2107 for M =7

Hoe = &y = 2,30 x 107Y for M “@10
5 s “V
O/ 5, = 00w (R 22T e x ot

The ax1a1 flow fjlctlon coefficient decreases to appr@xlmately .96 of its

changes to the corresponding value (u_ o
M= Him=zi0

Total loes AP = AR x 2, Oh .,_,l, x .966 = APB,  x 1.6k

AP, ., observed squals 08 psia

]

1.64 % 8 = 1,31 psia AP, ... caleulated

‘{rd&viation about 9%

AP, . cbserved :

frem Fig.l: 1.2 psia

H

8. THE PRESSURE DROP
IN THE PARALIEYL FLOW EXCHANGER

The losses will be calvulated as

1) Axial flow lossea between I and K
2) Cross flow losses between I and J
3) Cross flow ledses between J and X
L) Disc effect st 'J
5) Orifice effect at X
&) Change of dirsction at H, I, J, K
7) Cross fiow pressure loss betweer XK and L
} Non-iscthermal loss between G and K
9} Bermoullian pressure change, between G and L

THE AXTAL FLOW PRESSURE 10SS

~
8l

In order to derive 5%

‘for the compartments I-d
and J=K, Lhe actual flow
area has to be determined.

Constant € is assumed in
each compartment.




Through Section 1 M/2 is wmssing.
Through Sections 2 to 11, M pasasss.
Through Section 12 M/2 passes.

Section 11 2 3 L s 4 7 g 91 10| 11| 12

Dy, 2.8 |3 3 3 3 3 |3 3 2.9 | 2.1 | 2.2 1.9 |
Dy 1,25 1.3 (1.6 | 1.9 [ 2.3 | 2.1 | 1.6 1.4 | 1.25] 1.25| 1.25| 1.25]
Dy? 78309 19 |9 19 19 |9 9 |84 | kd | k8 |3.61
D;* 1.56 | 1,69 12,56 | 3,61 | 5.3 Lab | 2,56 1.96| 1.56| 1.56| 1.56] 1.56
DY =Da |l 6.27 | T.31 | 6ol | 5.39| 3.7 | kob | b.hbi 7.04| 6,84 2.84] 3.2 2,05
A 2,06 | 2.4 |2.11] 177 | 1.22] 1.51] 2,11 2,31 2.24] .93] 1.06| .67
AT 236 AL | L2250 .32 .675 aA| .225 .389) .2 | LA7| .89 2.24

Compartments I - J

: > Compartments J - K

A = (D.\z = D,; 2) TT/[& x Ra‘x = (D}‘Z“’ D;\z) X 93.28

I - J: d = K
y qﬁ -2 1 . S -2 1
l/b—& A_)\ = 03A9===——-—=;3 1/?2 A>\ = éﬁ&‘*—“‘—*‘z
x 2-sh = : sl
prd M e o =% M,z
2.0 Ve 7 x 349 P C T e 7 x .54
LG = 1701 & =25
Tz z ' 2 ‘ 2
G = (M/2) x 236 : L= W2 x 2.2,
G = 12.2 x .236 = 2.88 G5 = 12,2 x 2.24 = 27.4

True G = 1/5[(4 x 17.1) + (1 x 2.88)] | True @ = 1/12[(21 x 25.4) + (1 x 27.4)]

True 55‘ = 14,3 . L True GF 25.6
. i M"‘" 4&9 s Mz 1(9
* s - - [ * = = = &
True A% = True &  14.3 3.h2 True A% = True G- = 25,6 1.91
- True A% = 1,85 ft* _ True A* = 1,38 f+.°
True G = V‘I"rue & = 3,78 True G = YTrue G* = 5,07
ty, in compartments = 825°F tom 1n compartments = S80°F
£ in compartments = .054 f. in compartments = .052
&, in compartments = 2,27 x 107 &, in compartments = 2,33 x 107
Gd Gd
g:E-E-leg Ra=m§4&£1033(10q




L = l ft; dhy = 006 L =5 105 ft; df‘\’\/ = 006
C True G L . ‘ True & L
Ap = £, true G L = £, AueG L
P = fux 28 Thy v A? fus 25 r,
- 13 x 1 | B 25,6 x 1.5 -
= 008 S5 % 015 T °9O75 2 x .052 x .015
Ap = 70.5 p/ft . Ap = 184 p/ft
or k2 W or 1.1 "W

Total axial pressure drop = 42 + 1.1 =-1.52 "W

THE CROSS FILOW PRESSURE DROP

There is a sudden contraction at I deserving special attention. Notwith-
standing the fact that in the previous chapter, section CROSS FLOW PRESSURE 1LOSS,
the result of 5.8 "W over the counter flow exchanger was cut down to 3 "W, the
same method is employed here, for compartments I-J and J-K, with a view to reduce
the flnal result by the same ratio. '

1 shefeh fedin / _ .

: D - Dy, is divided/into 10U shells of diameters D;,, D, --D,o; just outside Dua.
and just inside D are no tubes, thus the flow will rapidly expand on shell sur-
face No. 1, Consequently L,; L; ete. will, already, be comparatively large.
Shell 1 and Shell 10 do not produce cross flow pressure drop. The shell diameters
are chosen so.that between each will be 1 row of tubes. - n = 1. :

_ \TV

N
\
N
N
AN
N
B
N
N
N
\‘
N
N
NE
N




L D A G Gt G2 s
. et €2 054
1 .82 1.26 | *3.24 2.16 k.65 43
2 .9 1. kds -9 7.8 60.8 564,
3 .92 1.62 1.03 6.8 k6 1 426
4 « 94 1.80 1.17 6 36 333
5 .96 1.98 1.31 5.35 28,5 264,
6 .98 2.16 1.47 L.76 22.6 209
7 1.0 2.34 1,62 4.32 18,6 | 172
8 .98 | 2,52 1.7 3.58 12.8 | 128
9 .95 2,70 1.78 2.46 6.0 55
10 | .86 2.82 | ¥7.6 .35 .12 1

[

=4 f., N

-._-[..g,fc\,.n

RN R EN
&l

L.36
2,27 x 1077
,0833

A?é x 107
N = 0234

L x 723 % .234
676

LI

- 26%/2f = 2150
without Nos. 1 and 10

since there are no
tubes to be crossed.

n =1, as mentioned

= .71 x 2150 = 1450 p/ft* or 8.7 "W

WP PTS TlPd Tt TS

For compartments J-K, the analysis mist not be rigorégs;

t = 880 °F .

f = 3052



Mags , )
L D D & Flow G G G*/2¢
11 .85 | 1.5 | L2 | .88 | 1.5/ | 3.0 9.0 | 83.5
2 1.0 1.72 8.4 1,19 | 2.5/4 3,68 13.5 125
3 .9 1.95 6,13 1.21 | 3.5/4 5,06 25.6 238
A 1.0 2,18 6.85 1.51 HEN k.63 21.5% 200
5 1005 zeii- 7055 3—075 3/&’ BQO 930._ 8305
6 1.0 2,62 8.25 1.81 2/ 1.93 3.72 40,2
7 .9 2,85 9,0 1.78 /4 .98 .96 Q
Gz. x,
_ z e = 781 B/ft
G = 3.2 ) iR
&= 2,33 x 10 . n &~ 8/7 =~ 1.1
d = ,0833 z
G
. AP =4 L. n Y=
% = 1.14 x 10¢ ' ¢ Z 2s
s\ Ap = .71 x 1,1 x 781
(z‘z") = 0246 . .
: Ap = 611 p/ft* or  3.66 "W

L fo, =L x 723 x (246 = 71

The cross flow within K is best divided into two parts: from Dy, 10 Dso
and from D, outwards to L. TFor the first part, the full circumference is in-
volved; for the second, it reduces to 3 times distance between 1 and 2 in the
ecross section K, chapter 6. The first will be handled now.

) Mass : :
L D m A Flow G | G*/2¥
1 .75 1.5 4.72 .78 1.5/4 3.37 111 |
2 .75 | 1.72 | 5.4 89 | 2.5/h | k.92 | 235 |
3 75 | 1.95 | 633 | 1.0L | &L | 6.92 | 46b -
St o= 895
£ = .0512 -
&= 2,35 x 10°
n = lal .
G = 7.07 Lf, n=hx 723 x .219 x 1.1
Gd _ 7.07 x 0833 15 = 695
é‘ 253'5 2z
Z G . g1z
g-} = 2.5 x 10" 25
— \ Ap = ,695 x 812 = 555 p/ft”
(——) = ,219 _
g or 3,38 "y

THE PRESSURE DROP OVER THE BAFFIES J AND K

The disc J:

2

Ap = 1.12 g? assumed, with @ halfway be’t.wee:i I and J.



% in eempartménts T=d = &70%F
£ in compartments I-J = .052
A,., in compartments I-J = (D"« Da”) 7/4 Ry = 2.46 £t°
G- 8.1 z
5 = T3on ° 78 g/ft Ap = 1,12 x 78 = 87.5 p/ft”
' or .52 Wy

The orifice K:

Ap = .8 %f > G to be taken at narrowest section, K.
t at K = 895°F
fat K = .0512 .
A at K for axial flow = 1.11 £t~ (compare with chapter 6, station C,
‘ 5 Cz)
7 2
G =t o b,
7T = 63 2§ 387

The coefficient .8 still has to be multiplied with ,696 (see chapter 7,

orifice loss).
Ap =
PRESSURE BROP THROUGH CHANGE OF DIRECTION

8 x 696 x 38T = 216 g/ftz- or 1,3 "W

The directional change
over J and K is here
considered together
with those at H and I.

With a refined flow pattern a &p of 4.8 "W is obtained,

~Z
V;L cos ol 2—-?

L cosA | l-cosel | Vi-cosd | V3/2 x fi-cosd G"/Qf AP

s : Y

L H 45 | 707 -293 o 5l .382 L6 | 170

I 90 ¢ 1 i 707 135 95

- d 75 o2 .8 895 632 138 87 |
K 1] 120 | -5 1.5 1.22 - 865 387 | 334 ¢

2 Ap = 686 p/rt” | or 4 W,



THE_PRESSURE DROP DUE TO THE CROSS FLOW BETWEEN K AND 1,

z
Ap = 4 f.. N g? Compare cross section X in chapter §.

. . _ : 1
for each of the 3 bran.ches G =7/3 N ER R
1 oy 2
G = 2, — = 8
2.33 53 1b/ft*se
3F = Tioog - 0%
t = 8959F
f = .0512
&= 2,35 x 107
Gdy 8x ,06 .5 4
= 2 = 2.0
77 2.35 10 2.04 x 10
i
G?d_*z) = ,226
S - z; X 723 x .226 = ,653 _ N =4

Ap = .653 x & x 624 = 1630 p/ft>  or  9.g wy

THE NON-ISOTHERMAL, PRESSURE DROP BETWEEN H AND L

teuy = 800° S = 20552
tey = 895° Sy = <0512 ' f(L) = fCL'J
Agpy = 1.0 £t Aciy= 2,36 ft°

Rleduce ACL) to Ay = 1 it
Gepy = 7.0 1b/ft* se . Geay = 7 Ib/ft%se
AEGZL,A.,__,'._;____L_,, .
p (fCL.) _f(H) 49 n0512 00552 hg x 1 ll.
Ap
THE BERNOULIIAN PRESSURE CHANGE

68.5 p/ft° or .41 g

Acy= 1.0 £t°
Aoy= 2.36 £t°

Sey= S .=_ »0512
Gz) (Gz)
A =|l7ma] = [ =
P (:J.s’L 2¢ )
Ap o Loz 296 40.2

Z
2 x .0512 = 7103}, = 393 B/ft or  -2.35 ny




THE TOTAL PRESSURE DROP

Straight
Caleulation Corrected
1) Axial flow pressure drop between I-K 1.52 "W 1.52 "W
2) Cross flow pressure drop between I-J 8.7
3) Cross flow pressure drop between J-K 3.66 8.20
L) Cross flow pressure drop within K 3.38
5) Disc effect at J .52
6) Orifice effect at K 1. 1.30
7) Change of direction at H, I, J, K I 4.80
8) Cross flow pressure loss between K-I1, 9 5.10
9) Non-isocthermal loss between G=K 41
10) Bernoullian pressure change between G-L -2 -2.35
2), 3), 8) reduced by == = ,52 Total 19.6 "W

5.8

Total pressure drop observed

Ap,, , ,.s from Fig. 1, equals R |

.0361

The pressure on which the caleulation of §€ has been based, throughout
chapter 8, was assumed to be 26 psia. Actually Fig. 1 shows that the average
pressure between curves Py, and P; equals about 25 psia. £ is correspondingly
smaller and the calculated total pressure drep should be : '

Ap=19.6 x 2=

20.4 "W
25 4
PRESSURE 10SS FOR M = 10 1b/se
s 4ST
A P . = AP . G f LEX Re m';_a
| M=o maq (Gz/me. (REJ;.,"-,-

—aed 5
- Ap 100, 25, 1570 10/,258)
Fuen 559 * 52 X 310 \ 7753

= .8 x 2,04 x .695 x 1.2 x .965 = .8 x 1.64
AP.M:ID
) AP

1.31 psi, calculated

]

1,20 psi, observed

M=tg =

from Fig. 1

Deviation, about 9%

The argﬁment is the same as at the end of chapter 7. For the parallel flow
exchanger at ¥ = 7 and M = 10, the pressures are 25 and 36 psia; the Jmean temperw
atures, 1310 and 1570%F; and the v150051tles, .23 and .258 times 1077 :

The deviation between calculated and observed pressure drop is as well the
same. However, this coincidence does.mot lend additional weight for the correct-
mness of the arpgument, it being merely a repetition.

GEKERAL CONSIDERATIONS

Another factor will influence this conclusion from AP at low mass flow Lo
AP at higher mass flow: the “Area of flow" which is about the same ag the "Area
In chapter 10 the heat transfer coefficients, h, and hy,

of heat transfer.n®




will be caleulated in & cursory mamner, From chapter @ the values of Ub are
known. If U is computed from h, and hg, & may be fixed. Ay., and A::0 can thus
be compared. The result will be cousidered valid only qualitatively.

If a turbulent finid is foresd through additional irregularily shaped pass-
ages, it might go on Lo loose availablie snergy and pressure although it isg al-
ready turbulence saturated. This partial contradiction can be resolved as fol-
lows:

1) Frictional losses upon boundary walls will go on as long as the fluid
flows. There is no saturation with regard to transfer of energy and
momentum Lo the adjzcent walls. :

2) The geometrical obstructions liks curves, edges, faces give rise to
large size vortices which dissipate by virtue of the viscosity of the
fiuid into turbulent lumps of gemi-microscopical size and further
degenerate intc molscular énergy, the least available form. Thus,
additional formation and dissipation of vortices can take place almost
continuocusly and the pressure will keep on decreasing.

Under certain flow conditions there is"marked drop in drag resistance with
increasing velocity, i.e. when the laminar sublayer becomes turbulent. This
would be an argument for relatively decreasing flow resistance with increasing
mass velocity. However, this can hardly be assumed for the air side of the hot
heat exchanger, since the flow there is already highly turbulent from the begin-
ning. Such an effect, if present at all, could hardly be traced or defined as
such. ‘

There remains, as the only reason for a comparative smaller pressure loss
at higher mass velocities, the decrease in fux and .. ;, as outlined above,

G, THE NORMALIZED PRESSURE LOSS GOEFFiCIENTS

Provided that there will not be any major change of flow area, the individ-
ual pressure losses for other mass flow may be expressed as products of sertain
numerical values, distinct for sach kind of loss, with the term Mz/f . For the-
axial and cross flow pressure loss f, the frictionat coefficient, will change
also, depending on varied Re. ‘

At the same time losses occurring within a rumber of consecutive compartments
may be cemprehended and expressed by means of their average coefficients as a
single term. This will serve as well for calculation of and for comparison of
the individual losses with figures obtained from cbservation.

The numerical values implying the choice of proper average temperéture, den-
sity, viscesity are so defined as to give the calculated loss for M = Fo

THE COUNTER FLOW EXCHANGER

_ . . _
AXTAL FLOW Ap = £, {G &%) x 830 % %4; ‘ Valid for compartment B-GC
. - ES
Ap = f,, (G%) x 1586 % E,: Valid for compartments
1. 7 C-E to C,-E,



= L.26 B 4 | A% = 1,53 £t° 5 PG y,07
7 &
Ap = £ax x TOLD r@m«z’w-m mM-%; Combined loss for com-
¢-Ey de-ey 7 ' partments C-F to C,-E:
CROSS FLOW = \en # 5" z _
Ap = (jl%—afz’) x 55 % gm Valid for compartment B-C
==\ L z : |
NAp = (x_%ég) x 15.2 %1—% Valid for compartments
? C-BE to C mE;v_
e == Z z
2 GG—('. = 109 G 2 G = 103&% B A* 3' 3036 ft 5 fG—— 1 5
AT 1 _G
BEE 1M | |
Ap = @ x %f = Combined loss for com-
: k4 e -E, 7 partments G-E to C,-E,
considering the term
052 = 3/508
DISC Ap - ! i
[ P o= 455 i § £ between stations
2
3 Ap = 18.2 ?-mji-u M—é-; | Combined for stations
e 7 ' By, E; B, B2 .
- RV
ORIFICE Ap = 11 %f-; = : § at station
b, M '
Ap = 33 ?m = ‘ Combined for st.a‘c.lons
e 7 ¢, ¢, C,
" CHANGE CF DIRECTION OVER BAFFLIE
A 1 M -
P = k.5 T o : Combined for stations
B T B, E, E,
5 I Mz .
Ap =12 T © Combined for stations
e, 7 | ¢, ¢,, Cz
CHANGE OF DIRECTION
Ap = 5015%{7% at station F
6 A 17.3 K1 e s
. p o= 17.3 ‘0?- %‘?“ at station F,
Mé
Ap = 2205 S) ;‘;




FLOW AGROSS TUBES P - F

i

7, ’ ap =37 L = §>F
NON-ISOTHERMAL DROP

M /1 1
8. gzxp = 60.5 = (}CG> szgfi)

BERNOULLIAN PRESSURE CHANGE

MZ
Ap ~

2

27.1 (1 = 1.115)

0
33
D

- M‘ 1
Pe 7 Feey |

THE PARALIEL FLOW EXCHANGER

726k 5 3
AXIAL FLOWl Ap = fu g=F) x 1750

¢
10. &>

F

?L

fy, (oo.) means function of (..

.)

N

15. I[ Ap = 43.5 =

?CK\ 72

. M\~ 15 E
CROSS FLOW 38l = |
11. P (é'{ca) f(.r |

' _ 1 oM
DISC Ap =45 e

e s 7
12.
2 o=
ORIFICE Ap =11 i X
P f’(K) ‘72' l
13, |
CHANGE OF DIRECTION
z
1 K
N
CROSS FIOW K->1L
1 M




RON-ISOTHERMAL DROP

2
. i 3
16. p =|49 7E _?ES S?(H)

BERNOULLIAN PRESSURE CHANGE -

17. p =120 =5 2=

10, THE HEAT TRANSFER CORFFICIENTS

These will be celoeulated without much detail, first of all for M = 7 1b/se.
The aim is twofold:

1) to get zn. estimate for the wall temperature Ti.

2) to compute an average value for U and, thus, for that fraction of the
total hest exchanger area which participates in the heat exchange.

-8 Bl
LApply Hu = .024 Rg Py

Evaluate for x =0, 3, 6, 9, 12, 14.75 ft.

. THE TUBE SIDE GOEFFICIENT hg
Assume:

a) Pp for the gas side equals the P, of ajir above 550°F, i. e., .66
{see Fig. 6),

b) K, v1rtua11y, is equal to K of =air, : ~

¢) p, virtually, is equal to p of air,

Since the products of combustion with 400% theoretical air contain only
sbout 5% €0, _

hy d3 51 8 dy
__gi__wo024xPr X Re x-él-

= 5.52/841° /4 = 5. 52/504 x .0782% u/h = 5—5—2 42 = 2.29
VPI‘.gl = 0879, d = ‘958; G‘ di = 2.28 X 10782 : t178

- 73 8
n, = =024 K x .879 (m']-'zg) . x 938
€ Tdy

= 879 x .938 K J178, -8
hg = .307 x .879 x 9585600};( )

7. n = 2258 X! ( 178)

g 5600




x T | K & 178/ (‘,17;8{”;9“8 K1 ox (oee )8 hy
0 WMOWﬁ2wa 7.08%10°| 1,21 x 10°]  43.8 | 3,08x107°
3 840 | .,0335 .33 7.64 1.28 A2.9 5.02,
6 781 | .0%12 2 21 8.05 1.32 4.2 2.90
9 693 1.0292 2,10 8.47 1.58 40.3 2.83
12 616 L0275 2.01 8.85 1.41, %3.8 2072_
.75 | 550 |.026 1.92 | 9.26 1.49 38.8 | 2.72

Values for K'Y, as given in table, refer to one hour.
P g s

Values for hy, as calculated, refer to one second.

THE SHELL STDE COEFFICIENT h,

Assumptions have to be made as to what mass velocity, in cross flew or axial
Since the direction of flow, at least in the counter flow

flow, h, shall refer.
exchanger, is definitely meore axial, axial flow aglone will be considered,

For

the sake of comparison with Hg, constant ‘mass velocity and, thus, flow area has

to be assumed,

A is the average between A, and A 2 .

= 1/2 (111 + 1.83) =

1.465 £t

G = 7/1.465 = 4.77 1b/ft%se

P, , between L40 and 650°F, changes.

Re i3 here égfhf he 77 x .00 °§fé
K La [,286)
ha_-.-?a-;—x OZi.,P (
h, = Aggﬁ K' B, -3 (/286
2. fhi_-FI*—KPsi(zeé
| 2) _ s K¥ x P = X .
X t Xr O S (.286/%) | (. 286/§¢) ha
0 800 | ,0316 | .66 | .879 |2.24 x 107 [1.94 x 10° 54,0 6.0 x 107
3 710 | 0296 | .66 879 2,13 2.0 52.0 5.°77
6 | 631].028 .66 -879 2.03 2,1 51.6 5.73
9 559 | 0263 | 662 | .88 1.94 2.15 £9.8 5.54
P12 491, | .025 666 | 882 1.85 2.2 LB. 5 5.39
1h 7511 LLO | ,0235 | .67 8873 1.79 2.3 W77 5,30
CALCULATION OF U AND Tw
13,1 , neglecting the resistance of the wall.
) ha hﬂ
g
T =1t + (T -%) hos By




hg {T""{'}‘g‘ T
e 5 R A .
X 1/hg 1/hg 1/0 U b, + By, (T3 by + hy “ W
0 167 | 325 | 492 | 2.05 %10 L350 214, 72,5 800 | 872
3 17% 251 504 | 1.98 - B4 170 58,5 710 768
6 | 174 | ®45 | 519 [ 1.95 | .336 | 150 50.4 | 631 | 681
S 180 354 | 534 | 1.87 . 338 134 £5.3 559 | 604
12 185 568 558 1.81 555 122 45.9 494 535
14.758 188 368 556 | 1.80 . 8389 110 37.3 LEG | AT7
hg -
Aversge TR S .33%; [T - t) is multiplied with this average
& g ralug.
5, . Average U = 3,91 x 10 -3 S/ | -
' FEESEEEEEE 12 e OF

CALCULATION OF EFFECTIVE HEAT TRANSFER EEEA

Referring to the last section of chapter 8 and to formula 5-3, the effective
heat transfer area shall bhe

A= 5%7“ =ﬁ%§“ 2250 ft

The total outside area of the tubes within the counterflow exchanger equals
Bpopar = 504 # X L0255 X 14.75 = 1945 £t°

Even if one adds to this the corresponding shell area, Ay = 3x x 14.75
- 159 £t7, the combined total, 1945 + 139 = 2084 £42, is still somewhat below
the observed effective value of 2250 f+*, whereas the latter should be smaller
than the geometrical wvalue.

Additional measurement of pressure and temperature are necessary to bring
these facts to light. = Also, the temperature of the shell should be known at
several stations, in order to determine the true radiation lesses.



11. CONCLUSIONS

I - From observed detas

lﬁ.—

2o

The pressure logs in the parallel flow exchanger is as greatl g that in
the whole rest of the apparstus. This is out of any propertion.

This leads te the gquestion whether & pure counter-flow exchanger would
net do the job as well, T30 -~ T2l is small compared with T50 - T30

" end the quick cooling effect to be produced by the parallel part is

possibly brought about, in sctusl fact, by the tube plate cooling.

The gain in heat transfer capacity produced by the baffles is in all
likelihood jeopsrdize right on the spot by.the areas of wake formed
after cach baffle. Anjyhow, the transfer coefficients hy and he as
celculated in Chapter 10 for a straight heat exchanger mastch mo¥e or
less the existing amount of heat transferred.

The contradiction mentioned on P.53 together with that on P.22 mskes

it impossible either to ‘assess the true heat transfer coefficients or

to extend with certainty the results of this paper, i.e. the "Normalized
Pressure Loss Coefficients” in their present form to other operating
eonditions. '

. The reasons for this are twofold: Uncertain tempergture measurements,

first of all at T50 - it is a question of special interest to estimate
the error in measurement of temperature and mass flow -~ and, more
fundamentally, an assumed temperature distribution zs in Fig. 5, which
does not consider in detail cooling of tube plate and shell. The
cooling of the tube plate causes Ty (Fig. 5) to be considerably lower
than T50. Thus, the actual temperature curves are, probably, more flat
or more near to & straight line than those in Fig. 5.

- Knowledge of the lrue temperature i any goint of the exchenger is highly

desirable, on the base of any calculation, be it for pressure loss,
heat transfer coefficlents, stress analysis or a problem of corrosion.

If the actual tempersture distribution is fairly vell known it may be
altempted to reduce the number of the "Normalized Pressure Loos
Coefficient? from 15 to about 4 or 5. Note that the temperature
distribution is different for varying mass flow ratio at gas and air
side.

Since the hot heat exchanger is no plece of ecuipment installed for the
purpose of finding oul pressure loss coefficients under varying eond-
itions of flow, it is of no use, here, to develop comprehensive pressure
loss equetions with coefficients conteining the given data in r and T,
although 1t does not appear unreasonable to assume thet this were,
eventually, possible. ' ‘

. It would be more conceivable to work oui an expression for the

characteristic temperature in the term M®T/P? which iz o¢ to AP/P
and, furthermore, to split the observed pressure loss into three parts, .

‘namely FRICTIONAL, LOCAL and HYDRODYNAMIC losses (comp. Chapter 2,

page 2) end to apply for each term separately & puitable expression
which' still hag to be set up. In Chapter 18 the simplest possible
method has been applied to obitain a general expression for the pressure
loss.




10.

It is desirable to =
g given moment of o
readings, thus reducin
on the one hand and o
factual equilibrivnm.

IT - Additional readings that might be teken with the existing arrangement:-

11,

1z2.

13.

Determine pressure drop over one baffle, ot two points of equal flow
ares,or at points where gomething like the total Dressure mey be
observead.

a) in the cownterflow exchonger.

b) in the parallel flow axchanger and
%) between F -

d} between H « J

e} between K - I,

Try to establish additional temperature readings.
a) at one or two places of the tubes, mainly opposite station 31,
b) at three to four additionsl rlaces on the air and gas side.,
¢} a2t or near the tube plate and at inner and outer shell, in
some characteristic points, in crder to get = more detailed
picture of the energy losses mnd bowndary temperatures.

If there were any way to measurs the extent of wske near the cold

end of the hsul exchenger, for example ¢on the lee side of a baffle
their influence regarding the overall heat transfer coefficient would
be ciegared by one important step.

IIT - Changes in the Hot Exchanger with the aim to decrezse the presgsure loss:-

14

15,

16.

i7..

Shift the baffle E, by one foot to the right mmd eilarge the six ports.
Shorten the inner duct by about .30 4. st H. Increase DbQ at K,
decrease Dpy at J by about .4 ft. emch {see fig. 2). .

Either produse additionsl through-passages between the tubes in
baffle areas or

blow out the wake by opening a ecircular segment between inner duct
and inside baffles and outer shell and oubside taffles, respectively
over a considerable portion of the circumference.

The heat trensfer maey be improved by providing flow limiting sheets
in axial direction slong the whele length of the counterfliow
exchanger. The pressure loss would thereby increase somehow,

but this were a2 useful loss. On those vlaces where the temperature
of the shell is higher than that of the air the device must not

2

‘be mounted. This would modify proposition 16 on those prlaces

vhere proposition 17 is applied.



PART IT - BLEMENTS OF DESIGN COF 4 N&J BXCHANGER

12. GENERAL APPROACH

PART I of this Report has been computed hased on & few observed
data for ilemperature end pressure oviginating from the esrly days of life:
of the Experimental Coal Burning Gas Turbine, of which the Hot Heat Exchanger
is an integral part. '

The first trizls vere done in November and December 1953 and the
data produced in Chapter 4 were observed during this period. In cozrse
language it might be said that the analysis as of Chapters 7 and € is not
a theoretical deduction but, merely,s compilation &f known facts which have
been handled and figured wntil the final resuli wes in  fairly goed
accordatice with the observed data Tor pressure losses,

This somehovw exzggerated view is taken here in order to emphasgize
the importence of experience - above and beyond pure knowledge of the basic
equations and phenomens of Fluid Dynamics - which is essential when attempt-
ing to analyze the performauce of an exisiting component under certain ‘
operating conditions or, to meke a performance prediciion of such & part whilst
still in the draving board sbage.

Between January and October 1954 the plant has been operasting for
more than a hundred hours and valuable experience nas been galned by all
those who were comnectéd with the work. By his partieipating in these de-

velopments ag well es hy numerous discussions and exchange of opinions with . .

the other staff of the Gas Dynamics Laboratory, where the author has been
working during the summer 1954 he, too, haes become more familiar wmth the
problems in gueshtion.

‘ Thus, the cutlay of the following pressure loss analysis referring
to S ame type of heat eychangeTbﬁﬁth aunber of new design features,differs in
many wayes from the approach teken in PART 1.

Partly, this is due to physical chenges of the exchanger and partly:
to revised methods of caleulation. With respect Yo several cther p01nts
more realistic assumptions have been put forth.

The new Hot Heat Exchanger shell have a lower pressure logs. In
fact it will be attemplted to reduece the various losses to the minimum
'compatlble with the overall design.

i 4°pure Counterflew’ Type and & Farallel and Counterflow' Type
Exehanger will be investigated, the laiter being similar in shape to the
existing exchanger. Calculation of heat transfer capacity (or length)

and pressure leoss will be bassd on Full Load conditions as given in Chap. 13.



The tube arrengement in both Types is also very similar to
that in the Existing EBxchangsr. Gag flows irside, sir outside the
tubes. The shell has to withsiland the compressor delivery pressure.
Again, 506 tubes of 19 0.D. are provided, arranged in +“1angular
piteh around a central core.

The physical changes proposed below have not been tried yet
in the existing plant. Some of them are well known elements, others
might he a challenge compared with customary meithods of comstruction.

The principal changes of design are:

1, Central introduciion of air.

2. Guide venes and guide rings whenever the sir flow chenges direction,
except in the entrance region within the tube bundle.

Z. Inner and outer tube bundle linings designed to constrict the air
flow to the space immediately avound the tubes.

4. Ladder.type tube suspension in place of the customary baffles,
except at one place in the entrance region.

5, A p/d ratio of 1.50, in place of the previous value of 1.25.
6. Increased effective length snd, iotal length, of the exchanger.
7.'_Additional insulating layer betweesn Tube Shell and Main Shell.

8. Adjugtable bypass for cold z2ir to be diverted from the gir entrance
region directly to the surface of the hot tube plate, for the
purpose of cooling; to be applied for the'Pure Ceunterfiow Type
exchanger with its elevated tube wall temperature.

9. Generous cress flow area, especially for the'Parallel and Counterflow"

Type Exchanger, in order to lower the cross flow pressure losses.

- 10. OCurved vanes in the outlet ring surrounding the tube bundle which
guide the sir o the exit flanges being, at the same time, a
structural element of the construction.

11. Thin metal diffusers at the gas outlet from the tubes, in addition
to the cersmic diffusers at gas inlet. .

Varied methods of caleulation are exempliified by:‘

L. The assumption of linear temperaiure distribution,as first approximstion

on both the gas and sir sidse. ’
2. Consgiderztion of the initisl snergy losses on the gas gide, thru
' the intense tube plate cooling, leading to ihe dCblgn temperature
T 50 eff in place of T 50.



Z. Qongideration of the entrance pressure losses.

4. Reduction of the cross flow pressure loss coefficient fgp to .70 L
in accordance with more recent data in the literature; {(Comp. pp. 5§, NS

5, Application, in a consistent msnner, of 2 loss factor &£ 1in the
expression for "pressure loss due to change of direction";
(Comp. 2 ~ 10, 2 = 10&).

6. Simplified method of caleulating the average value of the Jeat
tranafer coefficients based on the equation Nu = 023 Re'~ x Pr*™.

A11 in 811 thies constitutes a more rigerous analysis. The
resulting overall pressure losd, nevertheless, will be much smeller than
that in the existing exchanger. Primarily, this is due to the elimination
of the bottleneck passages, formerly F - F; and H - I and, to the
abgence of baffles. '



15. ENERCY BALANCE, HEAT TRANSFER COEFFICIENTS AND DESIGNED LENGTH
' CF THE HEAT EXCHINGER.

A. Given Datlsa

In accordance wiﬁh_Gas Dynamics Laboratory Report,Note N 5,
given data for full load conditions are:

Mgip = 14.6 1b/sec.

380 o0 = 653 °K (% 715 °F)

T 28 =
T3 = 726 °C 2+ 999 oK (1340 oF)
Pysp = 64 peis = 4.35 at

Mg: to be computed

T 50 = 1072 oC _ ( &= 1965 oF)
T 70 = 490 °C =763 9K (= 914 °F)
Pgas = 16 psia + 1.09 at

Temperatures in OF are indicated in order to facilitate use
of KEENAN and XKAYE's Gas Tables.

h28 = 285  Btu/lb
h 30 = 449
Abh = 165

AH = iéif’f—-sii:é= 1340 (CHU/sec)

Assuming 6% losses through radiation and convection from the
outer surface,

AH required = 1.06 x 1340 = 1420

L This is the amount of heat given off by the gas in the exchanger
proper. Still; tube plate cooling losses have to be added. Assume
200 CHU/sec, being nominally about 20% of T 50.

The 6% radiation losses are radia‘ed from the tube bundle
to the puter tube bundle lining and the Tube Shell snd further
on conducted through the Main Shell and the two insulation layers.
See Fig. 8. There is no interaction with the air side. Thus, the
heat transfer coefficients will be caleulgted based upon

1340 (CHU/sec) .,



For the energy balance of the gas e L1420 + mOO
' 1620 (Cﬁﬁfyec) have to be accounted for.

From KEENAN ang KAYE, for Products of Combustion with 400% Theoretical
Adr, = 29,237

h 70 = 938G, Btu/Mol
h 50 = 18481
SNh = 358?
_. 8587 x Mg = 162
hE 55257 % 18 O
. = 1620 x 29.237 x 1.8 _
Mg S5 = 10 1b/sec

The effective 1nit1al gas temperature is obtained from the
Gas Tables as follows:

200 (CHU/sec) losses correspond to %%P = 20 (GHU/ib)

er, 20 x 29.237 x 1.8 = 1054 { &ABtu/Mol)
18481 - 1054 = 17427 (Btu/Mol)

Tso efs = 1841 °F
1004 ©6
1277 oK

'B. ThenPure Counterflow Type Exchanger

Assuming Linesr tempersture change on gas and air side

K = 380 + 726 = 553 oQ
e 2 826 oK
1025 °F

Tm=g - 490 g 1004 _ 747 00
102E% °K

1374 ©F

The air-side Heat Transfer Coefficient hag
As indicated in Fig. 9

dp, = 0715 ft.
Flow area A, 2.45 f£1.°



From Figs. 6 and 7, for 1025 °F, Pr = .65
o o= 2,51 x 1075
K = .0367
. Gxdpy.  4.6x 0715 ..
Be = —= 2.45 x 2.51 x 1070 17090
Ras = 2400
Pr'™ = 843

o8 .
‘Nu = ,023 Re x Pr 4

Eﬁﬁﬁkx = L0238 x 2400 x 843 = 4b.4
_ 4654‘x K _ 46.4 x .0367 _
hy = dhy =718 | = 28.8 (f€§"£“35)

The gas side Heat transfer coefficient bgs

As indicated in Fig. 9
ds = .0782 ft.

Flow area Ag-— 2.42 £4.°

Assuming for Pr, u and K on the gas side the corresponding values
for air, Figs. & and 7 yield

for 1874 °F Pr = .65
o= 2.87 x 1072
K = 0437

. G ds '
Re = .10 x .0782

i 242 x 2.87 x 1075 = 11250
e ® = 1750
Preé = 845

Again, Nu = .023 Re°® x Pr°4

fh%fi = .023 x 1750 x .843 = 34

-84 xK 54 X 0437 _
‘hg a3 L0782 19

Referring to the tube outside diameter.

& — & 58_
hg = 19 2= 1.8 (i)



Neglectlng the tube wall resistancs  the Ovarall Heat Trensfer Coeffiedsmt
is cbtclned as

Loorolo = 042 + L0562 = 0982

Uz;gmée—%{?%’%%ﬁ) or 2,84 %107 (g B _r )

Since at both the air and gas side linear temperature change is assumed
the mean temperature difference

BT =Ty, - Ty, =747 - 555 =194 °C -
- R
1340

A = 378X 194 x 10-8 .= 2440 TP
From Fig. 9 heat trensfer srea per ft of tube length equals 13.2 fi2,
Necessary Length of exchanger = 2440/132 = 18.5‘ft.

Adding a reserve of 5% for air pockets and 4% for scale,apart
from the additional hesting area of the tubs bundle linings of

5.8E———£3£-=m) which contributes to the heat trensfer to the air,
f+t of tube .

, Effective Length of the exchenger = 1,09 x 18.5 = 20.2 ft.
As seen from Fig. 8 the entrance region is partly lost with regard to hest
transfer; therefore, ancther 1.4 ft. heve to be added.

Length of the exchanger between.tube plates'2052 + 1.4 = 21.6 ft.
Length of tube bundle assumed as 22,0 ft.
The wall temperature Ty is obtained as ususl from the ratie by hgo

Mgl .‘-ag = 25.8:17.8 = 1.535 1/1+1.385 = .428.
4t a o dnlet: T 70 — T 28 = 490 - 580 = 110°C

428 x 110 = 47°
Ty at air inlet = 380 + 47 = 427 °C
Near gas inlet: T 50 off — T 30 = 1004 - 726 = 278 °

A28 x 278 = 119° :

Tw near gas inlet = 726 + 119 = 8439

In actual fact, near the tube plates the influence of axial
heat conduction and various other discontinuities are superimpcsed
upon the design temperatures. These effects are not considered here.
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With same megs flow =nd same Lempevatures T28, T50, 150 eff., T70
as befure and the same sctive length of tubes, i.e. 20.2 ft. the air and
gas tempersture at the partition wall separating the gdrallel and
counterfliow part are obtained as

wall and the R.H.
(16.9 — 1.4}/(21.6 - 1.4) =

T3L = 646 °C
T51 = 884 °C

and
respectively;
these figures are based on & distance 16.9 fit. between the partltltlon

ATy = T50 - T28 =
L768 x B4 = 266

346

TEL = 380 + 266 = 646°

end of the exchanger.

L768

Similariy, T51 is obtained. The tube temperature at the
partition wall may be assumed to be 765°C.

With these data given the amount of heat trensferred has to be
calculated separately for beth the coimterflovw and the parallel part.
The final length of easch of them remains, for the time being, open.

I - The Counterflow parts

.- From Fig:

From Fig.

Nu = .023 x 2500 x .84% =

Tm-a = éégsggééé,n 513 o or 956 op
Ty g = 5‘5*9“3;“% = 687 °C or 1268 °F
AT = 687 - 515 = 174 °C

7 for 956 OF K= 2,42 % 1070

k = .035

Re = G A& hy=5, 26 x ,0715 = 17600
: m 2,42 x 1077

Re"s = 2500

pred = 843

48.5

k. = 48.5 x k =
_d d hy 0715
7 for 1268 °F = 2.75
K = .0415
Re® = 1800
Pr‘4 = 843
Nu = .025 x 1800 x ,0843 =
h, =242XK . 958 =

? :
& dg

= 48.5 x ,08% _ 4%5 75

X 10“5

34.9

54 9 x L0415 x .238

L0782 )



L=l ow 1 o i e L0876 = L0997
U 1 z edt

. CHU b g 1B CHU .
D0 e or 22822070 (Ol

Amount of heat abgorbed by the air equals

BHy, = 8 (h 5L - b 28)
1.8
n3L = 410
n2g = 285

Ah = 125 Btw/ib
x

14.6 x 125 _ EHU:
aHy = 42X EE3 - 015 (0

Amount of heat given off by the gas ecguals

. Mg q
AB, = M8 st poo
B 1.8 ( )
R51 = 15 590
h7C = 9 ga;
AL = 5 636
10 x 5696 _ . CHO
AMg = T 5505 = 1081 isec)

The amount of hest svailable to cover radiation
losses

| = - £ cHy
AHB =~ ANy = 1081 - 1015 = 66 (?e?

The necessary length of the counterflow parit shell be based wpon ésHaa

@ = Ux 6T x4 = ¥ AT x L x 132
'L: g 1015

Ux &T x 182 2.78 % 103 % 194 = 183 = 12:85 v
The designed length of the cownterflow section is

160-9 - }.e/:]— = 1505 ft
this should include about 10% reserve (9% in the previous case).

However, the mean temperature difference is only 174 °C,
compared with 194 °C in the "Pure Counterflow’ Type exchanger,

: - Things will be different with regard to the parallel flow part
where the mean temperature difference is much larger than-l94 eg.

The combined heat transfer capacity of both the counterflew
and the parallel flow part is discussed in more detail in the
following Section II.



IT - THE PARALLEL FLOW PART:

Ty = S40.3.720 : ??6 = 686 °C  or 1266 oF
Ty = w_—, ALl ©C  or 1732 OF
The arithmetic mean terpersture difference
MNT = 944 - 686 = 258 o¢
s B58.-158 _ .ie o
The LMTD equal 15 5 265 245 °C
At 1266 °F p o= 2.75 x 1070
' = L0415
Re o 5296 00?%5 - 15 500
2.75 x 107
'Re"g = 2230
Pro% = .843
Hu = 028 x 2280 x 8438 = 43.3
h, = 48:3 % 00415 _
& .0715 2asd,
At 1732 oF Bo= 3.2 % 1077
K = .0505
Re = 4:13% .0782 - 10080
5.2 x 1075
Ref’8 = 1600
prof = 845
Yu = .023 x 1600 x .843 = 31
= 91l'x .0505 x .938 . _
beo: = = 1
&' L0782 2
T3 + 15 -0398 + .0525 = ,0925
- CHU 10-3 (oeren CHY___
U= 10.8 (W\ or 5 x 10 (T sas 56
bHg = Ay, total - _AHcomterflow part = 1840 = 1015
AHg - AHg’ total bR ounterfiow part 1420 - 1081

1

(20.2 - 15.5) x 182 = 620 ft2

Bt

825
339



ars differernce of 2882 4hae heat
don hecomel

 Based on the arithmetic mesn tempe
transferred in the parallesl flow sec

Q = UxAaTx2 = 5x107% x 258 % 620 = 480 {CHU/ sec)

%

Baged on the LMTD of 245 ©G, ¢ = 466,

Both figures are by far in excess of the required amount
825 + 14 = 399 (CHU/sec), 14 being the difference between the total
radiabion of 1420 - 1340 = 80 and the reserve in the coumterflow section
of, 66 (CHU/sec). ' '

There is, thus, a sufficient reserve in heat transfer capacity

of the exchenger as a whole and the Parellel and Cnunterflowafype;may
retain the same dimension 2% the Pure Cowmterflow type, namely

Effective length . = 20.2 ft.
Length between tube plates = 21.6 ft.
Average total lenghbh of tubes = 22  ft,

including some 9% excess ares for air pockets and gealing and, as an
additional reserve, the area of the tube bhumdle iinings.

Iﬁ actual fact, because of the large cross flow ares near the
main tube wall, oD amccount of the heat transferred to the air from the

surface of the imner duct past the scunterflow region as well as OB account

.0of the heat conducted through the partition wall there is neither a
distinet geometrical bowndary beiween both sections nor an accurately
defined length of each of them. '

Thus, the pressure loss caleulatisns in the folleowing Chapters
will be based simply on the assumption of purely linear temperature change,
i-eo h . :

T 51 = 884 °C - and

T 51 = 646 0. = =

‘The effective length of tubes governing the axial pressure loss
must be considered to be at variance with that governing heat transfer,
due to the comparatively large aress of cross flow incorporated in this
design. {Comp. Sketch in Chapter 16 and Fig. 10).

I

: These complications which are characteristic for the ‘Parallel
and Counterflow’ Type Exchanger, its higher pressure losses and the
higher capitel ocutlay for ite more elaborate construction are Justified
by only ONE reascn: Lowersed tubs wall temperaiure Tw>near the gas entry,
nemely, Ty = 800 °C, compared with 845¢ for the'Pure Counterfiow Type
Exchanger, as of section B.

Again, T is obtained as previously:

W
& ka'; hgg = 25,1 ¢+ 19 = 1.32 |
S
TF i T 4%

431 x (1004 ~ 646) = 154

I, = 646 4 154 = S00 °¢



D. Critiesl Remarks

The lower T, in the mixed type ex@hangwr should snsbis &
safer working, for "ong pericds. Conversely, ithere are msansg at hand
to lower T, in the Counterflow Type. These possibilities and the ensuing
effectsd upen Plant Net Peower Output and Cycle Efflclency will be dealt
with in a separate repori. The influence of the gas side pressure loss,
which is an equally imporitant part of the overall losses of the exchanger,
ig congidéred in Chepter 18.

Temperainres and heat transfer coefficients have been derived

~in this chapter 1Iin a very eursory manner; by no means are they the

result of a true anslysis in which one would have to congider such factors
as radiation losses, axial heat transfer and heat transfer under cross flow,
apart from a more congenial expression for the temperature distribution
iteelf.

Two reasons, however, lend justification to the concept of
Linear Temperature Change on both the gas and air side:

1. The observed temperatures in the Exisling Exchenger follew a
near-linear pattern.

2. The object of this investigation is to compare different types
of exchanger, primarily from the point of view of their pressure
losses. The seme simplification spplied consistently to various
types will not glter the resulis in this respect.

The Overall Heat Transfer (oefficients for the counterflow and
the parallel flow pari of the mixed Type exchanger differ only as much
as 10.0 and 10.3, for a difference in design temperature of about 2109C.
The difference in design temperature of anyone part or, of the whole
exchanger based upon either lineay temperature distribution or upon =
non-linesr distribution will be,to the utmost, some 15 - 20°C.  The
effect upon U is, therefors, mlnata and the designed effective length
of 20.2 £t, referring tc both Types is as real as Nussell's equation

Nu = .02% Re"C x Pr’z‘

“Design temperature’ is used here for the average of the air -
and gas side mean temperatures, on which caleulation of Ha and hg
hawve been based. : .



4. DETAILS OF CUNSTRUGTION

The following sketches show the charactaristic elemenbs of
construction of the nevw exchanger. No physios] design was atiempted
‘at this stage. Expansiou joints, welds, supporis and all the other
- details which make the real exchanger were left aside. Evidenily,
several ideas concerning the rhysical shape of such parts &3 guide rings,
inlet and cutlet channels, tube suspension arrears a.g. had to be '
developed and Ineorporated in the design. The main goal, however, has
been to produce s purely functional design.

Fig. 8: Shows the entrance region.

Fig. 9: glves a cruss-sectional view of the exchanger and the flow ares
for air and gas, the axial and eroes flow area ratios, the surface ares
for tube bundle and linings end some other pertinent data.

Fig, 10: shows the transition from the counterflov part, the parallel flow
part in whole and the exit region., ”

Fig. 1l: is a cross-ssctionsl view of the latter; the air, after emerging
from the tube bundle 1s divided into three sechions the angular ratio
2 : 23 3. This ratic fits the seven inlet perte of the turbine manifold.

Figs, 8~9-10-11 together shaw the siements of construction of the'Parallel
Counterflew Type Exchanger, Fig. 9 andg 11 being valid, also, for the
"Pure Comterflow' Type. '

Fig. 12: represents a slightly varied version of the entrance region for
the latter, with an adjustable bypass for ecld air to be flnghed through
the central duct towards the hot end tube plate,vhere it will tend to
reduce the high tube wall temperature, Through enlarged cpenings in
the curved tube sheet the cooling air emerges eand mixes with the main agir
stream. Guide rings and some dimensions referring to the flow conditions
at exit are also shown.

Fig. 13s shows the principal elements for supporting the tubes. Since
their weight is partly rested upon the Tube Shell and, partly, upoh the
Central Core the weight of the latter is rested upcn the Main Shell in
such & farhion that will accommodate differential themmal expansion

of tubes, Central Core and Main Shell end will produce a minor resistance,
only, 1o the air flow. The ladder-type support of the tubes themselves
is also viewed.

Fig. 14: gives the overall dimensicns of the new Exchangers end, for
comparison, those of the Existing Exchanger. S



15. THE PRESSURE LOSS Ii THE PURE COUNTERFLOV

TYPE_EXCHANGER

The loss is composed of the following partial Pressure
Logses:

&. Entrance Loss

B. Axisl Flow Pressure Loss

C.. Non-isothermal Pressure Loss

D. Bernoullian Pressure Change .

E. BExit Loss _ e

F. Other Losses

Pressure loss throughout this investigation refers to Loss in
Total Pregsure. Observations and computations, epparently, are concerned
only with changes in static pressure. However, any appreciable change in
impact pressure is taken care of separately under the heading "Bernocullian
Pressure Change"®.

Three basgic formulse wili be employed in the following pressure
. loss ealculations: ' .

Lesses due o Reference
Axial flow 2 - 16
Change of direction 2 =~ 9 and Appendix 2
Cross flow over tubes 2 =13 & 2-13 b

The "Entrance Loss™ is investigated distinctlyrthe terms under "QOther
Losses" will be estimated., )

A. Entrance Loss (Comp. Fig. 8)

This loss may be considered as the sum of 4 different partial
losses '

1. Loss in bend . _

2. Loss through change of direction of 50°, in guide rings

3. Logs through cross flow over tubes

4o Loss through change ef direction of 500, in tube bundle.

The entrance loss will be the same for both the pure counterflow and
paralieldcounterflow exchangérvneglecting the effect of the bypass for
tube plate cooling air. '

FIRST LOSS

Widely differing results are obtained in calovlating the
pressure loss in the bend ace. to different formulae.

a) Acc. to MeAdams 1954, p. 161t For a 90° elbow, medium radius,
Le/p = 26. Le is the equivalent length in terms of the diameter D,
to be added to L = x/Q.DmQ the actual length of elbow, in order to get
the effective length in the formula. : '

2 2
G L eff
ST S T



1.125°

D = 13-1/2" = |
Bp = 17-3/4" % 1.480 -
Ry = 24-1/2" % 2,04 bagoog = 2.14 x 1077
| 14.6 o nos A 298 _
... 1 LS . = =,

¢ty T ¢ Sr= 00 T G
G- _ 1462 716'[H' j Lm0
2 2x .49 E%% ¢ A _

Re = 240X L.125 - 768 000

2.4 x 1070

f = .0036 , acc. to McAdams, p. 156

LE = 0144
Lefs = 26 X D + #/5 By = 26 x 1.125 + B/ 148 = 29.5 + 2.3
Leff = '5106“ .

— 510‘6_ -

Ap - 4:;28’ X e{}l[&[} 1.1=2_5 4-28 X 0404
Ap = 1.73 "W ¢ = 40

b) Ace. to Crane Catalogue no. 53, p. 5%0-31¢

For 2 "Long sweep elbow", 13-1/2" I.D. equivalent length of pipe
is 22 x D

22 '
~ C= gTTg x 404 é 281

c) Ace. to N. Hall, "Thermodynamics of Fluid flow", p. 34!

7==a-5 2.4
Y f Pooy o, 5@) T
_G /2 “]3"”+ 016 (D +2000f_.
Rm = 1.48
D= 1.125
A4 = JOLAL
) =2.5
Eﬂ.; 148 1.314 (f&g = 506
D 19125 i D
2.5 -
)F = .01442°5 = 2.5 x 10 2

C =%/, x .0L44 x 1,314 + .016 x .506 + 2000 x 2.5 x107°

C=.0298 + .0081 + .050
¢ = L0879



There zre still other values secattered in the literature. Their
varieance is explained by comparatively small differences in shape or
construction of the bend which have a lerge bearing upon its performance.
Assume C = .55, for a smooth drawn elbow with internal guide vanes

end & retie . Bmsp = 1.314
Ap = 4.28 x .35 = 1.50 "W

B

Second Losa:

Ap = -%i “%— A cosex oF.

Z is a loss factor depending upon the probable amount of
turbulence to be expected in the region of .-

Within the guide rings as of Fig. 8 of may be assumed to be 1.2,
G 1s based on a cross area of efflux

dre_(5-1/2 + 4-1/2 + 2-1/2.)

A= 144, |
where d is derived from 15% _(1_,1/4)2;2 (152 - 4%),
d = 10. 56“
A= 12.5 x 10.56 #/144 = 2.88 42 R
- b - G2 __5.072
¢ = Fag = 5.07 2P= Tx .19 - 862 [ﬁij
L= 500 cos o = 644 1 ~ cosel= .B56 (356 = ,598
Ap = 86.2 x 707 x 598 x 1.2 = 86.2 x 507 = 43.8 [%;T) oT,
Ap = ,262 "W
Third Loss:
S Gz
= 2= 4 f,.N
2L

In accordance with the procedure in Chapter 7, p. 51, G° has to be computed.
Air crosses tube rovws Nos. 8 - 9 — 10 - 11 - 12 as of Fig. 9 in equal
amount, whereupon the amount diminishes towards the perlphery, due to the
onget of axial flow

o = b _ 14.6
Acr DL = RCI.
'assume congtant 1L, Rop . , L = 24" or Zf,approx.

Compute ( 1)



 Tube row No. D {in.) | 0 (£t D# 1/D%

> I

8 18.0 1. 5000 2.25 Jedidd,
9 R0.25 1.490 2.83 ,fﬂ553
10 ' 22.5 1.876 .52 284
11 R4.T5 2.06 424 . 236

12 27 2.248 5.04 »199

2 lmr = 1516

(%2) = 1.516/5 = .503

fo%;, = .55

Eﬁuivalent Diameter D¢ = *%gg = 1.82 ft.

cr gl.8%
This refers to the cross flow over 5 tube rows., In order to
account for the partial flow over rows no. 13-14-15 take N = 5 + 2 =
G being bvased for the whole of the problem on L = 2! and D¥ = 1,82:&

- 14,6 = 146 =55
2 x1.82 w x 281 2.66

- 75 TS ' |
2 x 149 T 10%1.4 (’% or .607 ¥y,

£

Sl %!

It

-

The frictional coefficient for cross flow, ﬂér is composed of:
2 terms, one depending upon the tube arrangement only and the other
one on Re or flow conditions. The first ons is constant in all
following applications

, [ SRS 1 ] pe 15
= + 28 o X He
cr (pt/& ,_,]_) 1.08

P 1.08 1l

‘t' - : ‘ = H = O
Ees g 5 2755 404,
o -.15
for = 634 Re™ 7 Re in MeAdems formuls is based
-5 on Mass flow et narrowest crogsge
Bzagog = <-14 x 10 ‘ section, in this case on 2.36

ft? and, somehow. illogically,
upon the tube diameter d (not

_ 6,18 x 0838
Re ciby)w

T 214 ¢ 10‘”’5
-.15

= 24 000
Re = .22

-

fop = -684 x .22 = .14




Bp= 607 x 4 x .14 % 7 = 607 x 3.02

Lp = 2,58 ny

In the 195/ edition of McAdams, p. 165 notice is given that the
expression for f.r as used hitherto results in unduly high pressure losses.
For Pt/d = 1.25 the observed pressure loss is sbout 50% smaller than the
calculeted one. This explains the unduly high figures for cross flow
pressure loss and the applied corrections as of p.p. 57, 28, 46 of this
Report. ! .

B. ECK, "Technische Stromungslehre®, 195 cites some standerd
formulae for cross flow pressure loss, derived by two Russian authors early
in 1957 which result likewise in about half the loss as the original .
McAdams equation. For Pt/Qim 1.3 the reduction might be somewhat smaller.

Assume from now on: true fcrvz 70% of the computed value
with p = 1.30. = Thus, the preceding loss will be
t/d ’

byp

i

SO x 2.38 = 1,67 wy

FOURTH LOSS

2
& /2 1 - .
= ZF m?=2-=== V['j. cog ™

P
]

1 - wopen = . 508
o = 5, for turn within tube bundle without guide rings;
G thased on flow area:

h=wfy (5.125% - 21672) - 4 x 76 x 17 x w/4 77

(76 tubes in the cuarter ring outside the baffle)

A= 2.3 £ G = 146 = 6,55
@ - 6352 . 43 (}ﬁ) or .81 "W
3p 2x.im T \ta or aSi %
Ap= .81 x .707 x .598 x 3 = .81 x 1.27
Bp = 1.05 "W

1. 1.50

2. .26

3.  1.67

4. _1.03

Total Entrance Loss: Y|



PRESSURE. LOSS

B. AXIAL FLOW

2
AP - 2P 4 Fox T};
Mg 14,6 _ Fee2
G = 'TE; VT 5.95 (1b/ft® sec)
fﬁx = (Re
L = 19.5 ft
dpy = 0735
G2 - 5.952 151 Eég;]-
5F 2 x .1176 2
Lp = 151 x .030 1%:5 = 1»
P oL x LOT15 1285

Lp = ;é u}{

C. RON-ISOTHERMAL PEESSURE LOSS

A G2 _GB . '
P = Fox = Fin Consider constemt G
Gin at L = 1.4 ft. from cold tube plate
Gex at L = 1.4+ 19.5 ft from cold V
tube plate.
G = 5.95
Ap = 5.952 1.1 2 = Saen s 1
P 5.95 (-_096 ’149) in 38.00(.;‘, 49.
. Fex = “f;26°c‘z 096
Ap = 35.4 x (10.42 - 6.72) .
Ap = 35,4 x 5.7 = 131
Dp= 785 wy
D. BERNOULLIAN PRESSURE CHANGE
- [(EP ]

A
J¥

T, air = 5539C +826°K
+1028 °F
Pu= o075 528 B o 1176
Mo28 o = 2-51
" Re = G x dhy = 5.95 x .0715
K 2.51 x 1077
Re = 17000, f 4 = .0075
4 foy = .030

1096



bp=_ 1 (5.952 - 14.62) Gy = CGg = Gap = 5.95

2 x 149 .
S (6,187 . 5.g55) L 1heb -
traee (64187 - 5952 Gy = =% 14.6

1.6 14.6 _
3¥id: 2,36 6.18

H

| .
5:55 (35.4 - 214) +5.21 {38.1 - 55.4)
-85 x 178.6 + 5.21 x 2.7 = - 598 4 14 = 58,

it

Ap = - 3,5 vy

This is asctually a pressure galn due, mainly, to the increase in flow area
from entrance duct to area hebween tubes (from 1 £12 to 2.45 ft2); One

can herdly assume that the head i# recovered in between the tubes. Therefore,
discard the "Bernoullian Change®. '

E. BXIT L.0SS

This loss is the stm of 2 different losses

L. Loss due to change of direction
<. Loss due to eross flow over tubes

. ' g =
First Loss: hyp= B° 42 =
p 2P 3 _\/1 cogol w

A= 90 © oo =0

= <:2, compared with o = 3 without guide rings (Section A)

L= 075 298 63 -
5 5% L7 = -096

14.6 _
= —krd = 505
2.45

6 . 5.95% _ f“éLJ |
2f 2 x .096 _18& 7 or 1.10 "W

Ap=1.10x 707 x 2.2

bhp=1.71 "y
Second Loss: Ap = %% 4 fop W

Based on the procedure as of Section 4 and the 7
dimensions of Fig. 12 ' G is caleulated here assuming

L= 14", D¥= 23", N = 6 and Rep = o231

G = lbeb _ _ Lhob x 1hd
LD*sR, ~TLx25xux.080=90




@ _ 9%
7F 2% .096 = 422 rftzj or 235 W

bpogog = 2083 % 107

Re = 9:0% 0835 . o¢ 450
2.85 x 1677

re "7 = 217

for = 634 x .27 = 138

true £, = .70 x .138 = .0966

zxp' = 2.53 x 4-x ,0966 x 6= 2,55 x 2.32

Totel Exit Loss: 1.71
5,87

Ap = 7.58 wy

Other Losses:

Assume for
Obstructions through baffles, parti&l baffles
and other tube supportss . 400

Skin friction on outside and inside linings 21
This figure is oblained as RL X Apgyy = .0288x7.4,

Ry, being the area ratio of linings and

tube surface. See Fig. 9.

Diffusion and change of direction in exit flanges .50

TOTAL 471 "YW

Total Loss of the Pure
Counterflow Exchanger:

Entrance Loss LB
Axisl Flow Loss 7.40
Non-isoth. Logs .78
Exit Loss . 7.58
Other Losses 4,71

GRAND TOTAL 24.93

Say 25_"W



W
16, THE PRESSURE LOSS IN THE PARALLEL AND COUNTERFLOW
' TYPE EXCHARGER - '

_ This loss is the sum of the cormbined pressure loeses of both the
Paraliel end the Cownterflow Part. Instead of computing the two Totals
snd add them up to the Grand Total, one may ag well consider groups of
losses of similar origin in both parts together. -

This is the way things are dong'in:this Chapter. The losses are:

Comterfiow Part

A. Entrance lLoss ‘ -

B. Axial Flow Pressure Loss ~ both Parts
G. Loss due to Change of Direction - both Parts
D. Bon-isothermal Pressure Less - both Parts
E. Bernocullian Pressure Change -~ both Parts
F. Other Losses -~ both Parts

The Exit less, at the end of the Parallel-flow Part, is contained within
Section 0. and equsls the "Exit Loss® as of Chapter 15.

Likewise, the losses wnder A, D, B have alréady been computed
in the previous Chapter and will be applied here without modification.
The losses under F. are estimated.

Thus, Sections B. and C., oniy remain to be calculated.

A. Entrance Logs: YA "W

B. Axial Flow Preséura Lossg:

In order to faeilitats calculation differeﬁtlléngths are intro-
duced for heat transfer and pressure loss. Compare Sketch below

5 (P2 ) -
Pt o
i55 (H-7)
I OVERRLL -
B S T e ol e oy
HERT EXCHSNGER
All dimensions in ft. P-W : Partition Wall T-P : Tube Plate PBx: Exit

(B=T) Length for caleulation of heat transfer
(P-L) Length for caleulation of exial pressure loss.



a. Commtber Flow Part:

Initial femperaturs, at zero length 380 =¢
Final tmmper@nuras at P-W AL @

fean temperature (80 + £46)/2 = 513% or 786 °K

1151506 = 2“&2 X 1{]“5

Fiazo - 6 psia = 075 = 1255

785 lg’; 7
G® L
AN A fax g . 0O o= _i_é =
Lo 2;;4 dny 245 5.95
| L = 14.5
P 2
G = 5:95° < 1133 { »J & = 0715
2P 2 x L1285 a5 me)  Sw
Ti
Re = ; z; = 13 22 = 17 550
' é é @ X
foy = 0075
Ap = 5.0 vy
b. Parallel Flow Part:
Initial temperature 646 °C
Final temperature 7260
Mezn temperature 6369 or 959 QK

-5
Beagog = 2-75 x 107

o s .
'«F%SGQC - 64 psia -075 3%3714 7 = 1014

@ o 595 - 1945 (—3—%]

i

2P 2 x 1014  F12
L = 3.21
d.hy = oO?lS
Re = 2 32 X 12215 = 15 500 ;again £, = .0075
| gy = 2030
Ap = 174.5 x .050 3:2L = 235 Ejg“
L0715 FiZ
Ap = 1.41 " '
TOTAL AXTAL FLOV | ,
PRESSURE LOSS 5.22 "
1.41 ‘

6,63 M



C. Loss due to Change of Direction

There sre three more stations where these losses acour:

8. Before Partition - Wall
-b. Before Tube - Plate
¢. At exit

At a. and b. there will be congidered two losses due to change
of ‘direction and one loss due to cross flow.

A%t c. there will be considered one loss due to change of dirsction
and one loss due to cross flow, '

&. Before Partition-Wall: .
_ & 3

- - =
i
First Less AQp: 5P .»/1 - o8 oa ol
o= 40°
G based on Flow ares in between tubes, 5.95 o= Lb
‘ 7 zec

£ based on 646 °C = P= 075 %%% X 435 = ,1057
008 40° = 765, 1 ~ cos 40° = .25, /T = von 400 = 485

L= 2.2
by = 5.95% , .2 = . 758 = 126 (_éw
r CR—— JT07 x..485 x 2.2 = 167.5 x .758 26.5 {ft?;
Lp= 76 wy
Second Loss  Ap = gf: -'%gm V1 2 cos 400 L7
deviatien 4C©
G based oﬁ flow through surface shtained asg
(2'+ 3-3/4 + 6~1/4) x 12-1/2 % i‘% = 3.28 £t.
Comp. sketch below.
G ; éué s . .
3.28 445
Sz .1057, as previously
ol - 400 ] no
o= 1.2 assgumed
- . \
Ap = pfidtdo o $T07 % 485 x 1.2 = 95.8 x .11 = 58.5 [}%}

Dp= .28 wy




Third Less: Bp=58 ,f.y

G based on L = 24% D = 23" 4= B2 ED i‘ﬁ Eo2bn 5 o578
o L6 e on
G =378 5+25
@B . 327 __qn ( £y Beigog = 2-68 % 1077
2F 2 x .1057 Fe, . .
e = 2220 X °0§;5 = 16 300
2.68 ¥ 10 :
fop = o684 x .284 = 148 X
Re ’ 7 = . 284,
true £, = .70 x 148 = 103,
¥ = é
¢ b
Ap =181 x 4 x 108 x 6= 181 x 2.48 = 525 | ]
&. = . 14 .
P=1:.24 W Total Loss Before Partition .76
g_ . - Wall g .23
A 1.94
' 2,93 Wy

Teada —~
et e

R N . N Cﬁan,t uﬁ fxz’i?x-r s gf Flew
AlL dimensions in inches. mrenn Ahe Warithior Wadl .

Nad Fo guoadla

b. Before Tube Plate:

Since the 180° change of direction before T-P is a characteristic
ferture of the'ParalleliCounterflew’Exchanger the fﬂll@ﬁlﬂé logges are
computed rather meticulously..

First Loss: Dp = %%F 5 «/Wi - cogol QC} e
= L1057 as previously
ofF= 1.2 assumed

of = 90% eos e ()



The governing term is (3.  ¥low area changss from

A, = 127 Dis. at throat section io
hp = (5-1/2"+ 2-1/4"+ 2) x 310"x » sqi at some intermadiate point to
Ay = 16'% 21-1/2x » sgi  be-for the tubes
Ay = 1.23  £F° g, = 14.6/1.25 = 11.86 6% = 140
Ay = 215 7 Gy = M0 15 2 6 oas G = 47
Ay =775 v Gg = 1400775 = 1.88 0 = 5.6
26 = 190
= 1907z = ¢35
E’i :,mm.ﬁ“m65° -
5f 2 x .1057 — 800
Bp = 300 x 707 x 1.2 = 254 fﬁ_
kf‘tgx
Ap = 2 ﬂ‘w
Becond Loss: &yp = o 1 = cog f
L= 1057 ag previously
L= 2.2 assumed
€ = gpo gos oL = Q
G = 5.95 based on flow area in between tubes

& 5.95 = 167.5
2f 27x 1057
P

fp = 167.5 x 707 x 2.2 = 261 f

.

f‘tg

ra

Ap = 1,56 "y

. G2
Third Loss: - Ap=3== 4 fun B

G based on flow area

A= Dtyp, = 211/23{25353:,251@—
A= 2,56
- b s, = 2.68 x 1070
=55 =270 Popeoc ~ 51 7
P 1057 Ro = 202 ,08;5 = 17700
_ 2.68 x 107
for = 684 x .282 = 1.47  Re™ 1P = .232

true £, = .70 x (147 = -105



& - ) 2292.02 . ,g.' .f 0%« P Y w2 g e T E/ %%
p = 5 % 91057 F o4 BOJLUD B oo ang X o0 % DHag %\ f{‘:‘?;i
Bp=2.29 W
Total Less Before Tube-Flate 1.52
2@2‘2

257 "W
¢. At Bxit:

Roth the losses due to c%ange of directicn and dus to cross
flow over tubes equal those in the'Pure Counterflow’ Bxchanger, 15 - E.

Bp  due to change of direction = 1.71 W
Op  due to cross flow over tubes = 5.81 "W

Tatal Loes at Exit 7.58 W
' D. Non-isothermal Pressurs Loss 78 W
E. Berncullian Pressurs Changs - to be discarded

F. Other Losses L 6.0 Yy

The last term is chosen here,lerger than in the previous Chapter,
because of the more intricate design of the mixed iype exchanger.

TOTAL LOSSES OF THES PARALLEL AND
COUNTERFLOW® EXCHANGERs

Entrance Losg . YA
Total Azisl Flow Pr. Loss 6,63
Non-Isothermal Pressure Loss .78
Loss Before Partition-Wall 2.95
Loss Before Tube-Plate 5.37
Exit Loss 7.58
Other Losses 6.00
GRAND TOTAL 33.75 "W

- FOR THE COUNTERFLOW FART ALONE THE LOSSES
MAY BE SAID TO BE: o

Entrance Loss hLeib
Axisl Flow Loss 5.22
Hon-isoth. Loss , W60
Loss Before P-W 2.93
Other Losses 4. 00

S 17.21 Wy
frrneeas s

FOR THE PARALLEL FLOW |
SECTION REMAINS, THUS 16.54 VW



17. THE GAS SIDE PRESSURE LOSS

This leoss is the sum - of the following

1. Venturi entrance Loss

2. Axiel flow Loss

3. Exit Loss

4. Non=isothermal pressure change
5. Bernoullisn pressure Loss -

First Loss:'. LHp o= 5[(%%);@ “(%)1}

égis the Pressure Loss Coeflicient; assume 522 .20
, {Dubbel I,1939 p. 226:@ = ,1 + .B)

A i“ <
/A?" 45”7{’? \\
//" A;J‘;' \ 8. l
fr'f" 3@, = 23.m=.p ftg
i \\\% a Ay 30% %/4 144 he 90
\ ., X
2 0N 3 | .7 \)2 2
é{—“& x e A = 2.42 ( = 1.54 £t
- B.."“ [ —— ‘
. SR g Y ¥
ZttNNR |
Sy = 1072 4+ 273 = 13 <
///fﬁf\\§§§ T = 1845 oK
»E h
% \!,:3,( h \\ )
A S % Mntrence ol c p.f-
m,/ Y /.{;r\ " C;/ww{:g;;& war iyl f;-{fe plote
Ty ) Cergmle diffeesens .,
__Buvu_,-ww Mot dwbu pinte it waler copied,
M
g 10
G === 555 = 7.46 Gyo = 55.7
: 105 . -
T Ay | H |
G ='8= 30 2 6
=_&=10_= 2,04 G = 4.1
B b0 | .

Assuming for gas, as "Product of Combustion with 400% Theoretical Air® .
the moleculsr weight of zir. - :

. 16, 208
F=lors x 28 x 55 = 075 x 1088 x 22

- m=;ﬁ=.m w A ::V ; '
bp = 0 T 518 (55.7 4:16) = o555 & 51.54

018

= (4]

Chp=1,72 m

Second Loss: Ap = EG% L f %‘ﬁ- T, = Q ‘; 1004 4 o9z
- 20 T = T47 4+ 273 = 1020 °K
G = 3oy = 4155 . = Th

: 298 =" 0238
075 x 1.088 x En

jO

I




2
& = _(4.155)° - =g, (£ orzasw
2F Zx 0258 LT3,

u?‘é@??c = 2.87 x 1070

L1385 x 0833 x .08

Re = = 11 240
2.87 x 1077
£ = .008 LI = 032
L = 22 fi. I. Dia. of Tubes
d. = .078 ft N 0838 x 938 = .078 £t
— ] r:.;?,
le = 2.18 x 082 x ~Sem 578
&p = 19.7 "W
Third Loss: Applying the diffusers, 75% of the decreese in veloeity
: head ot exit may be gained in static pressure
= indicated by the pressure gauges. However,
\X it is more convenient to zccount a loss of 258
AN of the decrecse in velocity head in tﬁz‘m of
_ ' AN total pressure loss. :
' ‘“‘i:zzg;;;’_d_;:;;i 4 At exit 2= .075 x 1.088 x %%%': L0318
| \: ] & i
_ isg ' ' T = 490 + 27
T = 763 9§
Nk
A2 .2 : 2
Nt Nt o G=. L ot 2 . o pa
L'{\-?}a)w 2P0 tubes  “Poutside =S (41 tuves = © outeide!

Assume Aredgntgide tubes 4o 90 PE2. Ay oige T 2:4R FEP

Gingige = 4+185 Goutaide = 204
. Gz — 17 1 -} . = 16
inside ~ . T outside = 4o

GV 1~ - - £
(379 o (1? 1~ £.16) = 15.7 x 12.94 = 205 (%tgl

259 of this smount “bo 51. -&- orr

- Ap = L3505 "W
- ' &2\ @\ 2 [ 1 i
Fourth Loss: Lp = (—‘L - (_ = G S —
P o\ s "\ Flente, Boxit Uotr.]
=20 - 2 .
G =575 = 4.155 ¢* = 17.1

Fexit = Sggog T 0819 Fentr. = So7oec =




nen~isothermal

The Third Loss without diffusers would have
loss due to a sudden enlargment.

. e 1 i - it =y s
Ap = 1,7,,104 (:,,0519 e .,918} = .L’?ul {dles-;— - ,z_g)ug}
= .0 ’ - - 4 [ .Q.u:! )
Bp = <17.1 x 24.1 = - 415 [;:ta; or
Lp = -24.7 ™ , actually = pressure gain.
: ) (@ [l (}.z_.) /62y
Fifth Loss: OHp = ((—55)2 - pﬁ 2, 2}?/
| {}l = GZ;. ﬁl = J'og
4 “ :
Gras oul ‘—-~—~: 5. -3;?@;; i Gy = GS JGS = _P4
Gy = 2,04 A = .018
Go = 4.135 £y = L0519
. 2 = 2 2
bp=ga-r 8, & G
2 28 2% 2%
| . ' N
= 3 f%; (6@~ p - 7, (&8~ szj
Sl 1 |
=2\4 ﬁg) * (Gg = G
1 L _
= “é' ('.03_8 = 0519) (17 1 - 4-16)
L x 24,1 x 12.94 = 156 |
Hp = .98 il This is a true less, superimposed on the

‘pressure gain.,

to be handled as pressure

Ace. to 2-7,
Ap - ¢*inside tubes {1 _ 21° - 17.1 06)2
2 9/ 2 x ,0319 (5
- - )
Dp = 268 x .256 = 68.6 &% or .4l "W

The gain in pressure drop produced by the cuffu..—;ers is, thus, not more _

than 41 - 305 =,10 Wy,



TOTAL PRESSURE LOSS ON THE GAS 274

1. Venturl entrance loss 1.72
2, Axisl flow loss 19,70
5. Guit loss L5085
5, Bernoullian Pr. Loss e

TOTAL 22.660

4o Bon-isothermal Pr. L. = 2.47

with diffusers  GRIND TOTAL = 20.20 '§
Without Aiffusers GRAND TOTLL == 20,50 "4

18. COMPARISON OF RESULTS

In order to compare the pressure less produced by the new Type
exchanger’ with thet of the exisbing one, the same full load conditions
82 of Chapter 13 have tc be appiled %o the latier, 1.e.

Mg = 14.6 1b/see

F o= &4 psia.

moom Ense 2 8§24 9K, as arithmetic mean of T 28 = 380°C
- ‘and T B0 = 72600,

“Denote thess with suffix II, whereas the opereting conditions
ag of Chapter 5, are dencied with I.  Then, '

S ¢

1. bpo. = ap. DT T By
II 1 QEng Ce P
1 L I

"P_ is sither an cbserved or & calculated pressure loss which
enduld be known in order to proceed to other plent operating

conditions.

1. ig usually written as relabtive pressure loss

29 ;P-—CX ﬁ 3

‘with C being considered a consient for alﬁ'M, T, P. This
representation is extremely simple insofer as the pressure loss
functions are straight lines emerging from the origin, every tyre
of exchanger or component belng characterized by a certain C. Horeover,
oné set of values of &P, ¥; 7, P enables the loss function or the
foctor C to be determined compleately and, thus, te predict the pressure
loss for any other cpevating conditicns.

.

However, L. and 2. are nobt sound thesretisally. They are Lesed
on the assumption

ez ) >



Fys Cp refer to anyone of the individual pressure lesses of which the

- total, AP is built up. In Chapter 9 (o0 the other hand, it has been
outlined how the individual losses may be represented based on the logal
temperature or, on the average temperature of the cowpartment. There is
hardly ons characteristic temperature at any CNE station vhiech, spplied
to equation 2. wevld yield the same A Piotg1 as that ‘glven by;ZgﬁPAB for
varying operating conditions.

The non-isothermal pressure loss, e.g. does not follow at all
equation ¥, end even, such a well defined term as the axial flow pressure
loss
mey be subjected to a variation of G due to changes of the boundary layer
thicimess with varying temperature with means, in effect, a non-constant Ca e

Although ncne of the Cp will be iruly constent one may well
adhere to equaticn 2. with T more or less arbitrarily selected and € based
on a sufficiently large mumber of observations. In other words: the
inherent insccuracy of 2. is covered up or made invisible by the still
larger inaccuracy of the readings leading to computation of M. T, P which
is; usually, encountered. In the case of pressure loss prediction there
ig no argument about C. - Selection of T remains somewhat arbitrary.

For operating conditions ag of Chapter 5

M= 7 1lb/sec
P = 26 psia
T = 667°F = 627 °K, as arithmetic mean of

128 = 440 °F and
130 = 895 °oF,
the combined pressure loss in the Existing Exchanger has been calculated
to
Bpr o= 28,1 + 20.4 = 43.5 "Wor 1.575 psi. (p.p. 59, 47)

(M’_} L2373 = 0606 or 6.06
P 26
; M2 T o5, T2 x 627 -
The corresponding value of = is - e _éﬁfé

By these both figures the Pressure LObé Line of the
‘exchanger is definegd,

How, for operziing conditions a8 of Chapter 18

M:QT equals éé*ézzi‘ﬁaé = 45, and

the relative pressure loss in the Existing Exchanger would amount to

If the Pressure Loss Line is based on a large numbe" of observaticns, wiih
widely varying wvelues of M, P, T the corresponding figure for condltlonq
as of Chapter 5 would be (&P) = 6.3%, which would yield
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For the new Pure Ugunterflawaype Exchanger
&P = 25 "W or .905 psi.

This is equivalent to a relative pressurse loss

=292 = 0141 or 1.41%

Corresponding figures for the new Parallel and Gounterflﬁw?Type
Exchanger are '

Ap Z3.75 "W or 1.22 psi  and

i

Ap _ 1,22 _ 0191 i
= 288 = 0191 or 1.91

These resuits are directly comparable with theé values 5.7 resp. 5.9%.

The difference in pressure loss is striking and it can only be Hoped that
it will be peossible to tranglate the elements of design as outiined in
Part II of this paper ino practiecal engineering langusge without loosing
toc much of their specific hydrodynamic features.

In order to gel the oversll picture of exchanger performance,
also the ges side pressure less has to be teken into account.

The gas side Pressure Loss Line of the Existing Exchanger, based
on & large number of ¢bservationsg yields for

M = 10 1lb/sec
P = 16 psia. .
T = 781 °C = 1054 °X, as arithmetic mean of

T = 1072 °C and
. ) T 70 = 490 °0
or, M2 T = 10% x 1054 . saq |

B* 16T e, operating conditions ag of Chapter 13,

a relative pressure loss of £%§,: 4.7% (B = barometric pressure)

I




107260 the wvalue
sss are bound

There are good reason to chooga in placs of 7 50 =
T 50erf = 100/ °C becauss all bul the venturi entrance

to bemperaturss other than 1072 ©C.-  Bul, since the gas side Pressure
Loss Line hag been babed on T 50 as an Obqer63_”9““°T°tP”b there is,
practically, no other possibility than to Xeep %o it when comparing
performence of the difference sxchangers.
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FCRE  fRefler TLEEF e (-sﬂs J‘rﬂ’t’

-prOperty of the gas

Assuﬂlng that the new Pure Counterflow Tyre snd ‘Parailel
and Counterflov Type Exchanger will exhibit theé same gas side pregsure.

logs one obiains for both, with the results of the previous Chapler,
With diffusers LP = 20,2 W er 731 .
LD = TEL = 0497 or 4.97%
B 14.7

Wlthouu diffusers the f gu es eare AP = 20.2 W or .735 psi.

DP - 2737 = 050 or 5.0%

Ar Even with diffusers of 100% efficiency the pressure loss
ratio =%~ would not be less than 4.90%. This mesng that the Existing
Exchanger has g slightly better performence on the gas side. Application
of the diffusers seems not to be warranted. _ .

The higher pressure loss in the new Type exchangerq ie due
the greater tube length of 22 ft., conpared with abouwt 18 £i. in the
e¥1bt1ng one. {See Fig. 2.

This comparatively large pressure loseg is an inhevent
ééae. Due to smell J® the terms G2 hecome

3}” 25

large, since



éii’stall becomes larger because B is ruch smaller tiaa Py

B the corregponding value in the denomznﬁtor for the air 51de@

Nothing can be dome, unfortunztely, to reduce this high
percentage of gas side pressure losses. ‘

With respect to Oycle Efficiency and Plant Net Power OQutput
the overall pressure leoss of the Heat Exchanger enters the calculation.
It is most sultsbly expressed as

A& P &P
p,) ( B )
air

4

 Summary: For operating condiiions as of Chapter 13

(&E) LP
@)

S P

Existing Exchanger based on a large

number of observations sf? 47 = 10,63

New"Pure Counterflow” Type Exchanger 141 + 5.0 = 6.4%

New"Parallel and Counterflow Type 1.91 + 5.0 = 6.9%
- Exchanger e

The result; in terms of overall pressure loss of the new type
exchanger is encouraging though it ig far from what might be expected
Lf one considers ‘the reduced air side pressure loss alone.

APPENDIX I

The integration of Fannings Bguaticn 2-1

FOR INCOMPRESCIBLE FLOW

The speeific volume v remains constant.

“a.v,: - D-——O
310 P
As first case assume CONSTANT FLOW AREA, CHANGING TEMPERATURE. ~m= along
the path L is given This includes, too, the case vhere T = con%tan%

L_O :
. . v
-dp == (gd2+§%—=§éﬁy~+f§=%=&)
hy



41}5-#’

=23 ~-Ap = -

Singe V = cmnsta* » fm is the mezn fristional coefficient between I, and Ly
incorporating changes of temperature as well as changes in ihe geomebry of the
boundary. Its ch01ee is scmewhal arbitrary.

As second case assume CHANGING FLOW AREA AND TEMPERATURE. V is no more
constant; and the expression for the pressure loss becomes

2-3s "Ap=p, R gulma,),me (- 7,5 . £, " Vet M {(Ly-L, ﬂ

v 2 o - i‘ rhy J
provided that the average value of V¥ over the Iength AL = L, - L, can be ex-
pressed as V.o i o budw v

4
The correct value for the last term would be
Ly 2 Le
vigL (v¥) [/ aL g T H
e ot = 21ne R mumeen
//f 2 S ALY’ ince V. e
L 7 }‘L

|
For V being a linear function of L, e.g., ve. mLa+n

-AZ _¥v ‘M2

= m, n constant
mL s+ n (m, s )

PR . S 2-3 {svfulfilisd.
' ym L +n .

FOR COMPRESSIBLE FLOW

2 L0 L0
2T # TP 4

As first case assume CONSTANT FLOW AREA; CHANGING TEMPERATUREE T(1L) is
given; furthermore, Z({(L)} is given.

v B V_Gv—»G«BT
P _ o P
dV - QEE jl% d L, with L 28 independent variable
1. .p GR g or
T LT VdvVes= 2 T Y3 d L




AP P has to be assuned. Havirg resolved 2-d, for o, ;,W may e introduced
as better approximation.

%%)7 5 Tmy By are arithmwetic mesn values over the path L,= L.
(4]

Fom = 'p‘- + Abp ,g |

As second case assume CONSTANT TEMPERATURE, CHANGING AREA. This is a rather
“abstract case, since in a heat exchanger there w11_1 be hardly a change of flow
area. In a duct there might be. Following, the area is expressed in terms of
I‘hr = 1/[4. dh}/

flow area

r, o= : or
by ~ wetted perimeter

flow ares = rhy xmwd

with d = tube outside diam. Without great srror, 4 = dy,. Thus will be obtained
an equation for the pressure loss,valid for both flow inside tubes and flow out-
side tubes. The jst term of 2-1 ‘mma:ins wnehanged,

The 2nd term becomes

- ~ - 1
A=l+‘r‘rrhyz | Vﬁum’ﬁvMZ
, %har
24 2y L
dVeov ML, .
L T AEXATE, Sy v ’
VdVaJWM} igﬂch
Vvday L axld 8me¢ ?}I_Ly
Lwv =7 " &l ﬁarhf I
5
by,
vav _ p3L 0F
Koy 81711’?‘5"
ny
- The 3rd term becomes
i ZepZ 4 2-",...3—',..;M
foy?dL_ fM v . | fgMival
2w Ty 32 ﬂ'“rh}f 32 w* rh}f
2-5 with v = =
£ / : b
2 |
. BT, f. M g L
_-Apng gf(z Z)“’gﬁ fj =T Th'y L«%Sgﬁzf rhy‘f

Ly
For flow mslde tubes, replace Tpy = 1/t dhy ,.:y /4 d.



R

¥Mere important is the fellowing case; CONSTANT mm ABEL, LINEAR TEMPERATURE
CHANGE, as well as linear fanwt&cn in L for elevation Z.

’Si- =K ’?ﬁ =& K and £ constant.
Taking eguation 2-4, introduce X and £ and transform the integrand,

the lst term be@oma$ _
_‘eg(zlﬂ.,mg«;n&
O
™

Bm X7 T,

Bl

the integraticn from L, to L, bslng renlaced by the integration from correspond-
ing T, to T,,

The Znd term becomes
z —r?- 2.
G Hy, aT G B
L p S AP
T
This expression may remain that way, since T, and T, have to be given; it might,
hoewever, be transformed into a more familiar cne:

(ﬁz = Ts)

zﬁ»?fﬁ)

ENEES
RN
3
]
L=
a1
PN
o~
3
N
]
=
(-
h
i3 ?\ﬁ
o
Q%E_'“H
0
=i
»
S
_ﬁijﬁ
\\._./
it
By
o=

The 3rd term becomes

£, Vv /1 . Ee oey?
27T, Vza'f(??TdT“ T.K(T =T)$. (fz_TVzafTV)

Again this expression may be transfcrmed 1nt0 8 pore familiar ones

~Em= v, _remains, . v TAT = Eﬁ T AL
21",,). vz ‘ p}n

R#bT'm .vl + VZ-
IR 2 Y, = e——
- 2

The 3rd term becomes
AL £, ¥ - £

™M e & S
L Ty vz (v, + 7;)= Lty v, § =+ Vé,g} AL

Thus 2~6.becomes

E 1 2 2 2 AL
~Ap = P = Pz= %;EE)‘{ In g *‘_e&?:(ivz -V (f’"‘ii_ '“"f V2 Ty

LN




APPENDIY TT
The pressure loss due to CHANGE OF DIRECTION,. 2 .. 9.

If an incompressible, frictionless fluid chenges its direction of flew

in an horizontal plane, the absolute velocity remaining congtant , the
ensuing centrifugal forces are perpendicular to the direction of flew:

ne vork is expended, no pressure loss LoCurs. This is even true for

8 non-infinitely wide streem with eny kinds of cbstructions snd boundaries
provided that the flow pattern remains two-dimensional. In this case

the mechanical property most suitable to describe the state of fiuid is the
impuls &7, . The change of impulg, corresponding %o a change of direction
of fliow by angle o , equals ‘

l

¥ { .
3 o ' "\cx - /
. : 7}5\"\%% !j.d&"
: y

AT = T, - T4

{vector relation)

ATl = I (L-coset ) 4 {sin M)B {scalar relation)

Referring the impuls %o that mssg crossing the wnit area in wmit tinme

I = Mxv= Dv? and
DI = PVR /1 - 2co8 ok + costed + sinlec
1. AT = ﬁvg R sy Y-y

In a real fluid undergoing a change of direction furbulencs
is sat%gnd a pressure loss Ap produced. The smount of the latter may
- be said to depend upon '
‘ &. the geometry of obstructions, bends, boundaries
b. the internal friction of the fluid '
¢. the amount of the change of direction ok
d. the densgity and velocity of tioe fluid

Assuming as kind of a working hypethesis that the terms under ¢. and 4.
may be expressed by equation 1, the pressure loss will be of the form




2. Hp = PYR 2 ,Vflw-cc;xoé x G,
C comprising the sffect of the terms a. and b.

Experiments show that the return losses in a hairpin bend,; duct er header
with irregular shape are of the order of magnitude '

. 2 3
LA S o

Assume zs an average value for such 2 case

K72 .
Ap=1x‘j§-:%—aa Thismeanscr-%- and
_ 4
. Ap :Ei.._gg _fg A1~ cosel (oL from O to 1800)

As a refinement a loss factor L way be added taking care, primarily, of effecte
under term a., like shspe and size of obstructions, local hydraulic diameter
8.8.0. Then,

' w2 o2 ——— O
4. Ap = _g___é'g A1 = cosel &,
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