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AN IEVESTIGATION OF AIRCRAFT HEATERS

XXIII ~ MEASURED AND PREDICTED PERFORMANCE OF A FLAT-
PLATE TYPE EXHAUST GAS AND AIR HEAT EXCHANGER

By L, M, K, Boelter, A, G. Guibert,
J. ¥, Rademacher, and V, D, Sanders

SUMMARY

Results of tests of thoe thermal performance and the statiec
pressure drop characterletics of a flat—-plate type exhaust gas
and alr heat exchanger are presented, The ventlileting alr
shroud built into thls heat exchanger glves charecteristlcs of
croses flow and parallsl flow,

The range of the exhaust gas welght rates used 1ln tests
for the determination of the heat transfer rates was from
about 1700 1lb/hr to about 5200 1b/hr. The temperature of the
exhauest gas was malntained at approximately 1600° T,

Statlc pressure drop measurements ware made across both
sldes of the heat exchanger under lsothermal and non—igothermel
conditions, Heater surface temperatures at the entrance and
exit of the hent exchanger were roecorded,

Predictions of the thermal outputs and pressure drops are
conpared with the experimentally determined values,

INTRODUCTI ON

An 1nvestlgation of the performance characteristics of
‘this flat—-plate heat exchanger, desighed for use in the exhaust
gas streams of alrcraft enginea for cabla heating systoms and
for wing and tall surface anti—-icing systems was undertaken,
using the large test stand of the Mechanical Englneering labo—
ratories of the University of Califormnia,
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The following data were obtalined:

l, Wolght ratos of exhaust gas and ventilating alr

3. Temperaturcs of the exhaust gas and ventilating
alr at the inlst and outlet of the heat ox~
changer

3. ©Static pressure drops across both sldes of the
hoat exchanger under igothermal and non-
leothermal conditions

4, Surface tomperatures of the heat sxchanger at
the inlet and outlot of the ventilating air
salde of the heat exchanger '

This lnvestigation, part of a research program conducted

on alrcraft heat exchangers at the Unlversity of California,
was sponsored by and conducted with the financlal asslstance
of the National Advisory Commlttes for Aeronautics,

SYMBOLS

area of heat transfer, f£t®

area of heat trensfer of PYequilvalent! cylindrical
ends (see fig, la) of fluid passages on either
slde of the hsater, ft2

area of heat transfer of flaot plate section of fluid
passages on elther alr or gas side of heater, ft2

cross—sectlional area of flow for elther fluild measured
within heater, f£t2

cross—sectional area of flow at inlet pressure measur—
ing station, ft2

cross—~sectional area of flow at outlet pressure measur—
ing station, ft3

hydraullc diameter, ft

dlemeter of aquivalent cylindrical ends of fluid
passage on either slde of heater, ft
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unit thormal convective conductance (avarage with
length), Btu/hr ft2 OF

unit thermal convectlve conductance of fluld flowing
over equlvalent cylindrical ends on either air or
gas gide of haater (average with length), Btu/hr
ft2 Op

unit thermal convectlve conductance of fluld flowing -
over flat plate section of passages on elther side
of heater (average with length), Btu/hr ft2 °F

thermal convectlve conductance of either fluld,
Btu/hr °F

tube arrangement modulus for in-line tube banks
gravitational force per unit of mass, 1b/(1lb sec®/ft)
welght rate of fluid per unit of area, 1lb/hr ft®

weight rate of fluid per unit of area, basod on minimum
area, 1lb/hr ft2

lsothormal head loas cosfficlent defined by equation

3
Y 2

length of a duct measured from entrance, ft

ratlo of cross—sectlonal area of flow before expanslon
of fluid passage to that after expansion of fluid
pessnge

woetted perimeter of a duct, ft

measured rate of enthalpy change of either fluld,
Btu/hr or kBtu/hr (1000 Btu/hr)
arithmetic average mlxed—mean absolute temperature

T, 4 T
of fluid, —51;—2, °r

- mixed—mean absolute temperaturo of the fluid, °R

arithmetioc average of tho absolute temperature of the
surface and of the absolute mixed—moan temperature
of the fluid, °R
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Tiso mixed—mean absolute temperature of the fluid for the
isothermal pressure drop tosts, °R

g - mean- volocity of fluld within fluid passcge, ft/sec

U over—all unit thermal conductance, Btu/hr ft3 OF

UA ovor—all thermal conductance, Btu/hr OF

L] wolght rate of fluid, 1b/hr

Y . wolght density of fluild, 1b/ftd

AP statlc pressure drop, 1b/ft°

AP® static pressure drop, in, H_ 0

A'rmP mean tempoersture difference for parallel flow of
flulds, ©F

4 isothormel friction factor defined by cquation
APgrig 1 ug”®
v '3 %

T mixed-mean tempoercture of fluid, °F

Subscripts

a ventllatlng alr side

b bende (AP, EKy)

c convective conductance (f ete,) and also sudden

contraction (AP,, Kc)
e equivalent cylindrical ends of passages (Ag, f,4)

4 "~ flat plate section of passages on elther side of
heater (As, fcf) and also fluid Mf£iln" (Ts)

4 exhaust gas side
heater (Ap)
n nean values at any soction of the heater (uy)

) mexinun values (G,) and also outer diameter of a
cylinder (D )
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P parallol flow

av arithmetic avorage (T,.)

exp sudden ;xpansion (APexp, Eexp)
fric friction

iso isothermal conditlions

non—-1s0 non-—lisothermal condltlons
1 polnt 1, entrance section

a roint 2, exlt sectlon

DESCRIPTION OF HEATHR AKD TESTING PROCEDURE

The flat—plate heator tested 1is 2 parallel-flow unit
with a total of twenty alternats exhaust gns and ventilating
ailr passages, At tho entrance and oxit of the ventllating
alr slde, characteristics of crossflow prevall, (See photo—
graphs, flg, 2 to 4, dlagrammatlc sketch of fig, 1, and also
cut—away view of heater in fig, la,) The diagrammatic sketch
in figure 1 gives all pertinent dimensions and the approxlimate
location of the thermocouples used for determinlng the surface
temperaturcs, A schematlc dlagram of the test setup for thils
heat exchanger, showing the dlstances from all temperature and
pressure measurlng statlons, le presonted in filgure 1lb,

The ventilating air shroud, which 1ls part of the unit,
conveys the ventllating alr dlagonally across the exhaust
gas slde at the entrance and exit; dut, for the purposes of
this report, the flow characteristics will be consldered as
those for parallel flow of the flulds,

METHOD OF ANALYSIS
Haat Transfer
The evaluatlon of the thurmal output of the heat ex—

changer from the experimental data was determined in the usual
manner (see any previous heat exchanger report of this series),
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The regults and data are complled in tadble I, The over—eall
thermal conductance TUA 1g based upon the equation:

q, = (UA) a7y, (1)

where AT ig the mean temperature difference for parallel—
flow of tﬁg flulds, It was detsermined from flgure 29 of ref-—
erence 1, ’

Brediction of the over—all thermal conductance of the
heat oxchanger was attempted, The heat flow was consldered
as occurring through the flat plates separating the fluld
passages and through equlvalent cylindrical surfaces at the
odges of the ductlike passages over which one fluld flows
dlagonally with respect to the fluld flowing within the
passago,

The equation used to determine the unit thormal conduct—
ances of the fluids within the passages of the heater (rofor—
ence 2) 1is:

0.8
for = 5.4 x 10-4 1,3 ;o.a (1 + 1,1 l:) (2)
where
Tav avorage temperature of fluid
1 mean length of passage (in the entrance length correction

factor, see reference 3)

Tho squation used to detormine the unit thermal conduct—
ance of the fluld flowlng over the equivalent cylindrical
edges (equation (29), reference 1) 1s3

0,8
0,43 G
= 4 . 0
foo = 14,6 X 10°* ¥, Ty — (3)
)
where
@, maximum welght rate of fluid per unit of arca for flow

past tube banks
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Do diameter of cylindrical edges

Fa tube arrangement modulus for 1n—11ne tube banks (F =1
for 1 row of tubes)

The use of equction (3) means that tho unit thermal conduct—

ance over the equivalent cylindrical loadlng 2nd tralling eadges

of the flat plantes has boon postulated to be the samoe ae that

over the tubes of a slngle~row tube dbank,

The unit thermal conductances obtained using equations (2)
nnd (3) are employed for calculation of the thermal conductances
A ovor tho agquivalent cylindrical edges 2nd also over the flat
piato section of the heator, The equation used for calculating
the over—all thermal conductance (se2o roference 1, equation
(46)) was:

(4)

R

Equetion (4) thoreforc was used tc obtaln the over—all
theraal conductnnces over the equivslent cylindrical leading
and tralliag surfaces both on the air slde, vhere tho venti-
loting eir flows ovor thonm, and also on the gas slde, wheore
the exhaust gas flows over simllar surfaces, The predictod
total overwnll thermal conductance wns computed as belng the
sum of the cver—all thermal conductances cocver the cylindrical
leading and tralling cdges and cver the flat plate section of
the hoater,

(TA) (TA) (Ta)

= +
total plates ends

The predictod and measured values of the jgtsl over—all thormal
conductance are presontoed 1n figure 6 as a functicn of the ven-
tllating alr rate,

Sanple Calculaticn

Predict tho over—all thernal conductance TA of the flat
plate heat exchanger at an oxhaust gas wolght rate of 2960 1b/
br and a ventilating cir weight rate of 4000 1b/hr, The inlet
temporatures of the exhaust gas and ventilating ailr are 1600°
and 100° ¥, respectively,
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Thermal conductance _on the ventilating mlir gidg:
(a) Flat plate section

0,8
4 0.3 g°° D
fcf = 5,4 X 10— Tav S-OTB- (1 + 1.1 T) (2)

Estimate the avernge temporeture of the alr side
fluid to bes about 250° ¥ (710° R),

T, = 710° B Poy * 0 = 7.17
¢ =Y . 4000 _ 35 000 1b/nr £82  6°*° = 2820
A~ 0,222
.3
Do XA _4X%0.222 _ o o0 2 = 0.553
P 17.0

w

1= 0,834 ft

(1+11-> <1+11°°522> 1,06
0.834

— 2520
5 X 7. X
fop = 5.4 X 107%7,17 x 5=

X 1,06

18,7 Btu/hr £t? °p

Flat plate heat transfer area, Ay = 19,9
o}

(fop4e), = 372 Btu/hr ¥

then

( 1 ) = 0,00269
fcf‘f a
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(b) Cylindrical leading and trailing edges

0,8
G
.I.fo.4a_&__ (3)

f = 14,6 X 10°* ¢
D o-‘
(o]

ce a

F, = tube arrangement modulus=1 (single row of tubes)

Bstimate surface temperature of the cylindrical
edges of the heater plates to be about 660° I (for
the cylindrical edges with ventilating air flowing
over thenm),

5 660+ 250

Tf = ( ) + 460 = 915° R Tf°’45 = 18,8
2

G, = 6 = 18,000 1b/hr ¢°*® = 357

D, = 0,0356 £t D,°*= 0.266

foo= 14,56 107 *x 18,8 x —227_ = 36,6 Btu/hr £t% °F
66

Heat transfer area of cylindrical vdges, Ag = 0.48ft?
(foehg) g = 17.6 Btu/hr OF

thoen

( 1 ) = 0,0669
fc e'A'e e

2. Thermal conductance on the sxhaust gas slde:

(a) Flat plate section

= 4 0,3 g% ° D
£, = 5.4 X 1074 @, _ o (1 + 1-1'T> (2)
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(v)

Bstimate the average temperature of the gas silde
fluid to be sbout 1400° F (1860° R)

T

0 - O.
av 1860° R T 3 = 9,57

6 =¥ - 2960 - 14 900 1b/hr £t° ¢°*® = 2200
A 0,199

p =24 4X0199 5 5 0560 £t D°*2 = 0,561

Py 14,2
1= 1,30 £t
1+ 1.1 D 1+ 1,1 2-986Y_ 1 05
.30
. (2200)
fcf = 5,4 x 107* (9,6%) ——G—i—) (1,05)

= 21,0 Btu/hr ft2 Op
Flat plate heat transfer area, 4y = 19,9
£, 04 = 418 Btu/hr °F

(; 1A ) = 0, 00239
et

Oylindrical lending anq trelling edges

- 0,43 G598
£, = 14.5 X 10 ¥, T, X (3)

P, = tube arrangement modulus=1 (single row of tubes)

Estimate surface temperature of the cylindrical edges
of the heater plates to be about 1000° F (for the
eylindrical edges with exhaust gas flowing over them),
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T =.LLQQQ_§_liQQl + 460 = 168C° B 17,943 = 24,2

Gy, = G = 14,900 1b/hr £t G, = 320
0,4
D, = 0.0E60 ft D, = 0,315
-4 (320)
£, = X «2) ;m—===35,7 Btu/hr £t3 ©
ce = 14.5X 10 ~ (24.2) (5319 35,7 Btu/hr F

Hoat transfer area of cylindrical edges, Ag= 0,48

(v}
foe e) = 17,1 Btu/hr °F

( 1) = 0.0585
£_.A
4

3, QOver—alil thermel conducisnces:

(o) Flate plate section

L/
1 - 197 2 =
( ') (; 0 00269+ 0, 00239 hr “F
Zorhs cfA-f
(b) Cylindrical ends (ventilating alr flowing over the
ends)
UA = 1 = 1 = 6.4 —22
(f 1 N, 1 ) 0.0569 + 0, 0992 hr OF
ceAe/ cfAe
a e

(c) Cylindrical ends (exhaust gag flowing ovor the ends)

= - 1 = 5,9 —2t2
;) 0,111+ 0,0585 hr OF

cfA fooh g
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| + (UA)

(U4) plates

= (U4)

total ends

= 197 + 6,4 + 5,8 = 209 Btu/hr °F
UA (caloulated from measured q,) = 269 Btu/hr °F
Percentage deviation = 232 percent

Pressure Drop

isothermal pressure o= The lsothermal statlc pressure
drop on the ventllating alir gide of the heater was predlcted,
using the followling ldeal system, which 1s approximated by
the actual system:

(a) Sudden contraction at the entrance to the heater
section

AP 2
——-"-axcu“‘

(K, = 0,22) (5)

where 1u, 18 the moan veloclty of flow after contraction
has occurred and K, 1s a head loss coefficient for sudden
contraction obtained from reforence 4,

(b) Bend loss within the heater (near the air inlet)
as the vontilating ailr turns through approximately 80°

2
= Ep 3> (K = 0.51) (6)

5
<2l

(See figs, 5 and 6 of reference 4,)

(c) Frictional pressure drop within the heater passages,
glven by the equation

Lp
Py (7)

>
a3 )
4
']
re
Slee
(<]
»

where 0§ 18 the friction factor for commercial pipe,
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(4) Bend loss within the heater (near the alr outlet)
a8 the ventllating alr agailn turns through approximately 80°

8 -
S — L=y o (Ep=0.60) (6)

(See figa, 5 and 6 of reference 4,)

(e) Sudden expansion as the ventilating alr leaves the
heater section and enters the exit duct,

AP w3
__$.52 = Kaxp -?l-lé— (8)

where Kegxp 1s a head loes coefficient for sudden expansion

of the fluld passage, It l1s determined from the equation
Kex = (1— m)B.
D

The summation of the foregolng pressure drops was then
the predicted magnitude of the ventilating alr eide pressure
drop., The deviation of the predlicted values from the measured
values was about 15 percent, The prodicted and measured pres—
surec drops are plotted in figure 7 ag & functlon of the venti-
lating alr welght rato,

The lsothermal static pressure drop on thoe cxhaust gas
slde of the heat exchanger was predlcted on the basis of o
similar ideal system, This system consisted of (1) sudden
contraction, (2) sudden expansion, (3) sudden contraction,
(4) friction losses as the oxhaust gas flowed through the
heater passage, (5) suddon expansion as the gas left the
heater passages, (6) sudden contraction, end (7) sudden
oxpanslion, The baslic equations applied to the calculatlon
of the alr side static pressure drop (equations (5), (7),
and (8)) were agaln used together with appropriate values
of the respective head loss coofficlents,

Tho summetion of the preceding pressure drop terms was
consldered as the predlcted value of the lsothermal static
pressure drop across the exhaust gas side, The deviation
of the predicted values from the measured static pressure
drops was about 40 porcent, A plot of both the measured
pressure drops and mlso of the predicted values as a function
of the exhaust gas wolght rate 1s presentod 1in figure 8,

The data for this plot are found in table II,
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Over—all isothermal head loss coofflcients basod on
tho lsothermel statlc pressure drops across elther sido of
the exchanger ware also detorminod, using the equatlon:

_A.E = K —--—.u'ma (9)
i { 2g

Non—1sothermal pressure drop.,—~ Prediction of the non-

isothermal static presaure drop across olther slde of the
heat exchangor was attempted, uging the isothermal static
pressure Arop meusurements according to the equation (see
roference 1, oquntion (54)):

T

1,13
- v
APnon-—iso = APiso (E ‘;)
iso

w . 1 A11a 'Ta
" Q«soo) 35'71.&:3 [(1:—" ¥ 1) (T—,: - 1>_| (10)

where

APy 50 isotharmal statlec prossuroe drop across heat esxchanger
et temperaturo Tiso

Tov arithmetic average of T, ard T,, absolute mixod—
maan temperatures of the fluld at 1lnlet and out-
lot onds of heat exchangor, respoctively

Y, wolght denslty of fluld evalunted ot temperature T,

A, cross—~sectlonnl area of flow at pressurc-measuring

station (equal areas upstrcam and dcwnstream)

The predictlons were within 15 perceant of the measurod
valuos on the ventilatling air slde and within 20 percent of
the measured values on the oxhaust gas slde, Both measured
and predictod valuas of the non—isothormal static »nressuro
drop on either slde of tho heat exchanger are plotted in
figures 7 and 8 as functions of the welght rate of fluid on
that sido,
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DISCUSSIOR

Heat Transfer

The devliatlon of the predicted values of the over—pll
thermal conductance from the experimentally determined values
ls on the average about 20 percent, Oonslderation of the
poseidble sources for dlscrepancy indicates that tho more
obvious ones are (a) heat transfer by gaseous radiation to
the hoater surfaces (seo roference 5), (b) heat transfer by
radlation from the heater surfaces to the cooler walls of
the shroud and then by convection from walls of the shroud
to the ventilating air (a rough cvstimate of this type of
heat transfer could account for approximately 5 percent of
the discrepancy), (c) the indentations on the gas side which
formed the guide vanes on the air side probably increasad
the unlt thermal conductance on the exhaust gas side, and
(d) the cross~flow characteristics of the shroud at the
entrance and exit of the ventlilating alr wore dlsregarded
when the mean temporature difference for determination of
the experimental over—all thermal conductance was chosen as
that for parallel flow only,

Tomperatures of the heater surfacos (sce table I) were
neasured at several points on the ventilating alr slde, three
ot thoe inlct, and two at tho outlet sections, Inspection of
the recordod temporatures indicates that the highest teupsra—
tures usuanlly were found in the first two of the three thormo—
couple statlons, located at the entrance to the first two air
passages, Of the two thermocouples located at the outlets of
the vontilating air passages, the one located in the passage
near the center gave hlgher temperatures than those glven by
the thernocouple locatod at the end of the sescond passage
down fron the top, The hlghest temperature recorded by any
thernocouple was about 13900 F at the entrance and adbout
1126° ¥ at the outlet of the ventilating alr for an exhaust
gas 1lnlet tenperature of 1600° ¥,

Pressure Drop

The accurate prediction of tho 1sothernmal static pree—
sure drop across either side of this heat exchanger 1s dif-
ficult because of the complexity of the passages (bonds,
diagonal expansions 1n the gas side, dingonal flow of the
flulds over the leading and tralling edges of the flat plate
passages),
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Isothormal heand loss coefficlients (see equation 9) were
conputed for both sides of the heat exchanger, It was found
that the values of X on the exhaust gas slde were abdout
50 percent greater than those on the ventllating alr side,
which were about 2,5, Comparison of the values of X ob-
talned with previous heat exchangers shows that K for the
exhaust gas pilde is usually much lower than that for the
ventilnting air eilde, (See references 6 to 11,)

CONCLUSIONS

The thermal and fluld-dynanic performance of a flat—
plate type exhaugt gas and alr heat exchanger are reported,
Methods of predictlion of the heat transfer and pressure drop

charncteristlcs are presented, The agroeenont with oxperlmental

veluss l1s usually within 25 porecent,

Unlverslity of California,
Berkeley, Callf,, July 1944,
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TABLE I- EXPERIMENTAL RESULTS ON A FLAT

PLATE PARALLEL FLOW TYPE HEAT
EXCHANGER

AIR SIDE EXHAUST GAS SIDE— —HEATER TEMPS— | QVERALL
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TABLE II

ISOTHERMAL STATIC PRESSURE DROP

. w AP" AP" a
Run (pred,) (meas, ) B
(1v/hr) (in, H_,0) (in, H,O) '
Ventilating Air Silde
57 1020 by 18 0.24 3.8
58 1390 .32 .43 3.5
59 1970 .62 .75 3,1
51 2130 .72 . 86 3,1
52 4100 2.51 2.64 2.5
53 5850 4,95 4,52 2.1
Exhaust Gas Side
55 2380 0.97 1,83 4,2
60 3490 1,97 3.67 3.9
48 3510 2,02 3,94 4,2
56 4100 2.70 4,82 3,7
49 4920 3.90 7,37 4,0
61 4950 3.92 6,96 3.7
62 6450 6.55 11,7 3,7
50 6460 6.55 12,4 3.5
63 8120 10,2 18,3 3.6
51 8340 10,7 20,5 3.8

a"Ji'he values of K are based on equation

where

bThe values of AP!

=2

AP Uy
Y éé
= 5,19 AP 1b/£t°

meas,?

pred are interpolated from the

curves of figs, 7 and 8,
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TABLE III
NON-ISOTHERMAL STATIC PRESSURE DROP

L T1 T2 !av Arniso AP"non—ieo

Run Measured Predicted
(1b/hr) | (°R) | (°R) | (°R) [(in, H,0)| (in, H,0) | (in, "H,0)

VentllatingAilr Side

65 1050 561 | 1163 857 0.25 0,66 0.49
66 1530 564 | 1083 824 .48 1,16 .89
67 2660 566 975 770 1,24 2,56 2,12
68 3900 561 915 738 2,36 4,25 3.89

Exhaust Gas Side

24 1770 2065 | 1725 | 1895 1,02 5,82 3.80
26 2960 2055 | 1807 | 1931 2,72 13.7 10,8
27 3490 2060 | 1840 { 19560 3.72 i7.3 14,5

Bpredicted values are based on equation (10)

1,13
APnon-—iso = 1so (; )
iso

8 2
N (EDICED) B
3600/ 2gY¥,4,% L\A, T,
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Figure 2.~ Photograph of flat
_ rlate heat exchan-
ger with parallel-flow shroud.

Figure 3.- Photograph of the
inlet end of the

exhaust-gas passage of the

flat plate heat exchanger.

Figure 4.- Photograph of the
outlet end of
ventilating-alir passage of
the flat plate heat exchan-
ger. : S :
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