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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

. - ADVANCE RESTRICTED REPORT

AN INVESTIGATION OF AIRCRAFT HEATERS
XII1 - PERFORMANCE OF CORRUGATED AND
NONCORRUGATED FLUTED TYPE EXHAUST

CAS—AIR HEAT EXCHANGERS” .

By L. k., K, Boelter, A, G, Guibert,
M, A, Miller, and E, H, Morrin

SUMMARY

Thermal and static pressure— drop performance data
on three fluted—type heat exchangers '‘are presented, Two
of the heaters utilized corrugated surfaces along the
fluid passages and the third one was constructed with non—
corrugated surfaces, In these tests all heaters were
fitted with the same air shroud. Pre eviously reported data
taken on the latter heater, but with a different air shroud
are compared with the current data,

Exhaust—gas ratecs from 3500 pounds per hour to €600
pounds per hour and venti ilating-air rates from 1500 pounds
per hour to 4700 pounds per hour were use d, Pressure—
drop measurements were made across the exhaust—-gas and
ventilating—air sides of the exchanger under both isothermal
and nonisothermal ﬂo“dltlons '

The measured thermal outputs and static pressure drops
»re compared with predicted magnitudes,

INTRODUCTION

Two corrugated Lluted tyre heaters (COpDer and stain-—
less 'steel) and another heater of the same type but with
pPlain, noncorrugated passages (stainless ste 91) were tested
in the large test stand of the kechanical Engineering Lab-—
oratories of the University of California, (Seo duSCTlD~
tion of this test stand in reference l.)
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The hcater, cons tructed of noﬁcorrugated stainless
steel and containing 32 fluid passages, was also tested
.previously using a different air shroud. The results of
"the data obtained at that time were reported in reference
le The air shroud used in the tests reported here differs
from the previous one only in the configuration of the in-
let air ducts

Diagrams and photographs of these heaters are shown
in figures l_to-4 and. 163

The weight ‘rates of exhaust gas and ventilating air
were obtained by means of calidrated square—edge orifices

The exhaust—gas temperaturces were measurced at the inlet
and outlet of the heater by means of shielded, traversing
thermocouples, VUnshielded, traversing thermocouples were
used for the ventilating=air, telaperature measurements

Temperatures of the heater surfaces were.measurecd at
six points by means of  thermocouples. (Seéd t o, 16, )
Threc of the thermocouples were located on the ventilating—
air side of ‘the heater shnll near the exhaust—gas inlet —
the other three tnermocoubl being similarly located near
the exhaust—gas: outlets .The: t aree thermocouples in each
group are spaced at approximately equal intervals around
the circumference.

The arithmetic average of the readings of the three
tkormocouples located near the exhaust—gas inlet iz de—
signated as t,, whereas the arithmetic average of the
readings of the .threce .thermocouples located near the down—
stream end of the heater igc designated as toe (See figs
1 and 16 and tables I and II.)

X made across
the V,ntilwtlﬂgnﬂlr and exhaust—gas sides of the heater,
Two tnps, 180° apart, were inst wW ed at each pressure-—
measuring station,

Static pressure—drop measurements

A ' area of heat .transfer, ft=®
Ag total cross—sectional area of *the passages on the
2 side of the heater ;-ft2 e

vent Wl%u‘n
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AP

arithmetic average of three surface temperature
measurements taken near the exhaust—gas inlet, op

arithmetic average of three surface tenperature

e 0
... measurements taken near the exhaust—gas outlet,
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arithmetic average mixed—~mean absolute temperature
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mixed—mean absolute: temperature of fluid for iso-
thermal pressure drnp tests

mean velocity of fluid at minimum cross—sectional
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total static mres SUT e drop‘on ventilating—air
side, lO/Lta j
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total static preéssure drop on ventilating—air
side, inches HzO

total static pressure drop on exnaust—r s side,
PHEHR e - el

total static pressure drop on exhaust—gas side,
inches HO

isothermal static pressure drop along inlet and
outlet ducts .,of the air shroud, 1b/ft2

pressure drop along the heater
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tatal isothermal static Bresoure drop along heater
and ducts at temperature .T;..," i/t
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by equation (4), °F
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METHOD OF ANALYSIS
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Transfer

The thermal output of the heaters was determincd
by the enthalpy change of the ventilating air:

4

in which ¢ was evaluated at

b

(1)

the arithmetic

average

a
<

ventilating—air temperature as a good approximation, A&
plot of q, against Wa at ‘constant wvalues of the
exhaust—gas rate (w ) is shown in figures 6 and 10,

On

the

18

A\
Q. = W_ ¢ SR 2
S g P, e éaj (2)
where Cp wvas evaluated for air at the arithmetic average
o
D
exhaust—gas temnerature.
The over—all thermal conductance UA was evaluated
from the expression
q = (UA) Atlm (g)
a -
where Aty, 1s the log-mean tempcrature difference
defined by the equation
e 9 2
At ( g1 — Ta) - Tga - Taz)
Pl = (4)
T — T
1n ( S 1 J‘l)
T T,
( 2 "»'1'2)

UA with
ST e Tea ll 7 and 11,
the heator for wvalues of A8

W and W_ are shown

= ()

The termal output of
cther than those used here



may be predicted by det~rw1n1nq UA at the
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(a) PFor the stainless stcel noncorrugated fluted

heater
' R L ! :
—4. 04396 Yg Sl
i = Bigo By % 1N OR e S )
a0l g a D (o )
o a
and
0.8
4 2e - 5 :
e 0.296
L = B.68 % YO 0 4 ; (7)
Co & 10 98
. oS
in which D 1ig the hydraulic diameter, Thess equations

are valid for the calculation of the 'unit thermal conduc—
tance . (? ) for forced convection :in smooth, straight ducts
in whi ch the fluid and heat—flow meschanisns co;reopono to
those in the turbulent regime.®* The walues of -the thermal
resistances (1/fcA), and (1/fgd); can also be obtained
Cu =1

by use of chart B of references 1l and 2. (Sce refarence
2 for the dorivation of equations (6) and (7).)

(b) For the copper and stainless steel corrugated
fluted heaters:

[0

,—b
I

GL38 XoTOTTE . s (s)

o
B
o

s gomed : OO~ R
:ﬁ‘ = \./gt._6 X lO o L z’ (9)

0

These expressions are based on - data for hecat transfer
by forceéd convection over flat plates of length o, measured
in the direction of the Fflow of the fluid, Hduatilonsg (8)
and (9) are valid only in the region downstream from the
point where the flow in the retarded layer along the plate
has changed from laminar to turbulent flowe The flow in

¥Seoc Discussion of this report for commont on effect of
diameter to length ratio for ducts or channels,



10C

he retarded layer near the leading edge of the plate ig
usuwally laninar, in which case t
tance (fc) is a function of

the —0,5 power of I,

The use of these equations, based on flat—plate heat—
transfer data long the corrugated passages of the heaters

tested, implies that a retarded laver is initiated at the
) s o
crest of each corrugation because the value of the signif—

. . . o - .
icant dimension | was %taken to be zinch, the distance
between successive cregsts of the corrugated passages.,

Sample Calculation of (UA)

(For run 49 on noncorrugated fluted type heater.
Data from table I and figy 184) 3

VC 0 8
) e S 0.296; "a
(a) Computation of Falim .08 LT @ P
a a p 0s2
a
5.0
98° + 252° 5 g
Ta 5 mmem—te e 1 460 35T R
' 2
8 AGE Sl T
Wa, 4550 1/ hr - L m
G = — = = ——Ltf = 40,600 1b/hr ft°
a’ -A-,j O.ll: ft‘d
& P @l <k Al
D, = 4 % = = 4 X ——— SO0 5 SONET
wetted perimeter 760
8
0.296 40 . g00) °°
. % @ - s 40,600
To = 90,5864 2L07F (635) X (20, )0 -
) : (0.0589) °*°
= 32,0 Btu/hr £t?® °F
- c 008
3 g, ~ ~ - e == 0 296 &
(v) Computation of f = BNl PRl B e —
= C,)‘ =] D .2
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0,194 ft?

G2
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£ .A.g 00194
Dg = R = 4 X ——m——— = 0,101t
’ wetted perimeter ' 7668 :

: 0«8
o.296 (34,400)
X

By w0 Bube ¥ 107 F (1880)
(0,101

)Oog

0

1

34.8 Btu/hr ft° OF

(¢c) Computation of UA =-

il

~J

°

Tt

e}

h :
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k]

A

il
il 1 0.,00435 +

e e T A —— + D —

32.0% 7.19 34.8%7.19

0,00400

B
0, 00835

UA = 120 Bfu/hr °F

m A

The value of UA obtained fromn.the laboratory meas
uremeats of q, was (see fige 7):
q rvo OO ) Bl ‘
. 8 1Y CO00 Btu/hr b i o}
UA = = St / = 150 Btu/hr F

Aty 1130°F

S
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Percent deviation of the predicted

the

measured magnitude was —20 percent.
Pressure Drop

Pre

Isothermal essure Drop.-—

curvature of the inlet and outlet
the Lsothorwal pressure drop through -these
not be predicted satisfactorily. Howeve er,

that these inlet and outlet ducts were use
pla ix 4 corrugated-flut ed type heaters,
of the corrugations of. the. heater

drop along the fluid passa@es could be det

an

=]

total measured pressure drop along both the heater and air
ductse
The isothermal pressure drops through the corrugated-
fluted vaJage on the air side of the heater were calcu— -
lated in the following manner:
() DThe pressure drop along the air passakes ’
of the plain, uncorrugated fluted pas—
sagos was calculaved by means of the
equation
LPpgr t L up (103
FEGETE & 2higpLE T 10
k't pESAD 2o
("O) r ol
4, tdrop 13 S8 he
54F: . .0 150 obt:in Lﬂe los ses
in the inlet and outlet ducts
AR | = 2AR -4 (ll)
duct® igo0 htr
(c) Since the same let ducts were o
i " also used on ed- fluted heaters,
the duct loscse d £from equation
(11) using the measurements on t“e n0Mn~—

wagnl

metal upon

tude from

Because of the complex
ventilating-air

ducts,
-duets :eould

due to the fact
d with both the
the influence
the pressure
ermined from t“e




corrugated fluted unit were subtracted from
the total measured pressure drop across the
corrugated fluted heater yielding approxi-
mately* the pressure drop in the corrugated
air passages, Thus equation (11) was used
to compute the pressure drop along the air
_passages of" the corrurat d fluted heaters,

(d) "The friction factor was then obtained from
equation (10).
Ingithis mMennen the friction factor Eiso for the
corrugated surfaces was computed and is tabulated in
tables LLL and Ve ;

ings, and.
op in the

"wincorder to.utilize existing data f
so forth, for the estimation of S
air ducts, equation (10) is used in

AP g
il NG L ty2)
¢ 2g

In the case of the frictional pressure drep in straight

By evaluating the magnitude of K ia equation (12) for
the complex inlet and outlet air ducts, it was found that
the pressure drop through these ducts could be calculated

i

(l"o

(13)

approximately by usizng ‘a value of K = 1,0 to 145, corroe~
spondlnb to A?”) 900 bep'?. (Sece references 4 to 8,)
Hence, the function of these ducts in conducting the

venbtilating—air thr31>ﬁ the hnator passages is approxi=:
mately that of a 90° bLend. 4

On the exhaust-gas side of the heaters, the isothermal

friction Sfactor Ciso was calculated by means of equation

(10), In this case, APlso = APy, because the pressure drop
along the ducts leading to and from the heater was nerllvlble

compared to that along the fluted exhaus t~gas passages

—— m——m——— — e o e b ey e e s S v e s o

*It should be ctated that the pressure dr0p along -the air out—
let duct may not be the same when used in the corrugated and

noncorrugated units because the heater pasgages affect the flow
conditions at the entrance to the outlet air duct.




Nonisothermal pressure drope— The nonisothermal
hrough the heat
1 measurements by

static pressure drop. of either fluid
exchanger was predicted from 1
means of equation (6) of reference 1l

s \Le 13 g NSy o
AP = AP, {2T A o /~3 - 1)  (14)
igo \T ﬁ/ \3600/ Yly \Tl v

in which APjg, 1is the total measured isothermal static
pressutre drop (due to friction alone) at-temperature
Tiq0s T3 and Tp are the mixed—mean absolute b« atures
of the fluid at the 1nlet and outlet of the heater, respec—
tively, Tay 1is the arithmetic average of T, ‘and Tz,
G is the fluid rate per unit crosg—sectional area and Y,
ig the weight density, evaluated at temperature: T; of The
fluid at the inlet to ths heater.

A comparison of measured and predicted nonisotherma
pressure drops across cac’ cide of the hoater is presented
in tables V and VI and is shown ”ranuLcallr

in figures 8,
9, 12 15’ a:nd_ 14. =

thrcee

Heat transfer and pressure-drop data for the
heat exchangers are presented in tables I ang 11,

The resul
heat exchanger 1
tained for the z are ve figua
6 to 9 and those for the two corregated fluted heaters
(stainless stecl and obﬂoe”) are given in figures 10
to 14,

The corresprnding physical dimensions of all three
heaters are approxipmately egqual, However, the depth of-
the ventilating—air passages was slightly less for the
corrugated fluted heaters, Also, the ‘stainless steel

corrugated fluted heater 'consisted of sixteen air nassages
which is the same as the plain fluted heater; whereas, the
other corrugated fluted heater, constructed of copper, con-—
tained seventeen air passages, i




Comparison of Results on Noncorrugated Heater

Using Two Differeant Air Shrouds

The same air shroud was used in all of the tests
reported here, A comparison can be made, however, between
~-the present results in the case of the plain fluted heater
and those reported for the same heater in reference 1., In
the latter experiments a longer air shroud was used which
afforded the same cross—sectional area for the flow of
ventilating air but had longer inlet and outlet ducts, thus
probably yielding & more even distribution of air flow (al-—
though an analysis of the measurements of surface temp, near
the ends of the heater did not indicate any large difference
in the performance in this respect for the two air shrouds).
Because the flow areas were equivalent, the rates of heat
transfer were about the same for the heater using either
Lo (Canwve fige 6 of this report to fig. 21 of refer—
ence 1)e However, the isothermal pressure drop was almost
doubled in the case of .the air shroud with the shorter in-—
let and outlet ductses All of this increase in pressure
drop can be ascrioed to the greater curvature of the ducts,
in which the air "is turmned in order to flow through the

air passages,

Thus, it may be said that if the longer air shroud
were alsc used on the corrugated fluted heaters, the rates
of heat transfer would be about the same as for the shorter
shroud but the pressure drops would be decreased appreciably,
It is undoub tnal" true that in many actual installations a
linited space would not permit the use of the longer (lower—
pressure drop) air shroude

he’t Transfer
A comparison of the results on the threec heaters using
the shorter (h*vhnr—n”e ssure u*on) air shrouvd reveals that
the use of cofrugated fluted passasges yields thermal con—
ductances approximate

de 0,

ly 45 percent greater than those ob-—
tained with the plain, noncorrugated passages. (Compare

figs. 7 and 11l,) The rates of heat transfer for the two

corrugated fluted heaters were about equal, although the

copper necater heat—transfer area. was slightly greater due
sage

to the additiendl ailr Pa.s

le Ioncorrugated fluted heater.~ The predicted. over—

all thermal conductance for the plain fluted heater was
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percent lower than the value based upon computa—

tions laboratory ﬁeasuremen+s. (See fige 7o) Part

of this discrepancy is due to the inability to predict

the mechanisms of heat transfer 3lonf the bapered ends of
the fluted vpassages, A heat—transfer machanism equivalent
to thet alodg the fully fluted centeL gection ‘of the heater
was used :along the tapered ends in the prediction calcula—
tions., Douations (6) ‘and (7), uged in the prediction of
(UA) for the plain fluted heater, are based on data taken

in smobth ducts whers the hydraulic diaueter of the passage
is used as the -significant dimension Ds The use of “the' -
multiplier’ (1 + 1.1 D/L) in eguations (6) ana (7) to account
“f-or: the hifher Unlt thermal conductance near the entrancéybf
‘a tube or channgl wo r1d have yielded magnitudes of (Ua) .
‘about ¥ percent higher than thosé which” were obtained with-
out employing this or“ectlon. (See a)penalx of -reference
9 for a discussion of thig correctioni) e

20 to 25
of

&

- 2% Corrugated fluted heaters.— The'predictcd over—
all theraal conductances (UA) for tne corrugated fluted =
heatetrs agree well (within 10 D“”Cﬁnt) with the valus
derived from laboratory measurements. : In these calcula—
dions the unit thermal conductance (fc) on either side ‘of
the heater wés calculatsd by means of equations (8) and
(9), Tre sed on heat rowm smoovh
fla a 1 % dimension 1
was e A ssive ecrests of
the (ivon, 7 fin,). This choice
is equlvalcnt stating that a retarded layer is' initiated
at fne. rest of each corrugation along the walls of the =
fluid passsges and, thorefore, the mechanism of heat trang=
fer 4is the shme as that along successive idealized flat
plates. The u of the multiplie¥ (1'+ 1.1 D/L) is n'ot
necessary fer uwation (8) and (9), which evaluate the
average unit thermal conductance¥™ for the length 1, It
shouléd also be stated that egquations (8) and (9) should be
used in regions of systems in whiech ths retarded layer has
changed  from lami to turbulent flow. Thus the equations
arte more applicable for long, flat plates, over which the
laminar retardesd larer adjacent to the leading edge docs
not extend along an approciable portion of the flat plate.
The‘cv?vn i:e of “tha corrugated passages in this case p*ab—
ably maintai a turbulent retarded 1l: rather than &
laninar i
*Laboratory oxpor iments ar onductedr in order
to determine the validity ction factor,
**Aguations. (8) ang (9) are t W t a .correction factor
for the D/L effect becausec the unif thermal conductance is
expressed as’'a function of 1,




Isothermal Static Pressure Drop

1. Pressure drops through heater, - The vprezsure

dronm along the air side of the corrugated fluted heater
was 65 percent greater “then that along the-air side of

the noncorrugated heater. On the exhsust-cas side the
corrasponding increase was about 120 vercent. The frac-
tional increase in pressure dror on the air side was less
than that on the gas side because the losses in the air
inlet and outlet ducts were about ons-half the total Hliosis
and were the =ams on -both the corrugatad and noncorrupated
fluted - -heaters. '

The agraement between the isothermal triction Ffactoeor
§jgo for the exhaust-gas side of the heat=r, based on
laboratory measurements, and that taken for commercial
tubing is excellent. . (See fig. 15.) This indicates thsat
the method described above feor the calcul=stion of the
static pressure drop through the inlet and outlat air ducts;
namely, substracting the over-all static prassure dron slong
the air - vassages (computed from commercinl ttube friction
factor data) from the total nresgure drop facposs ‘the ‘ducts
- and the heater, is probably sdequate. $

~ If the magnitude of the Reynolds numt=r were the
same on both sides of the two corrugated fluted heaters,

the ma2gnitude of the friction feoctor C f'or the corru-

iso
zated passages would be. bout the s~me. An irsmection of
tables III and IV and figure 15k reveals this te be spnhroxi-
mately true. The fact that the gas and air massap-s are not
alike in shane, that the rAassages are tanered Rt each end,
And that all of the wetted m=rimatsr on th= air side does
not cont=in corrugations could account for the differences
found. A calculation of the isothermsl-friction factor

from the data of Norris and Snofford (referance LONA e
similarly shaved corrugsatasd surfacss revealed a wvalue of

giso = 0.10° at a magnitude of Revnolds number of 12,400,
At the lowest Welpht rate Hsed in tHe tests Bhcerived. in
this revort (Reynolds number = 19,009) the friction factor
was equal to 0.118 for ths-corner corrugatad flutsd heater
and 0.137 for the stainless-steel heater. Thes Reynolds
number was evaluated by using the hydraulic diamster for
the significant dimesnsion .D. A similar value of $o
2

o was obtained for the sinuous Passages on: the air gide 'of

& cross-flow-tyne heatesr dasseribed in reference 11.
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2¢ Pressure-drop through air ductse.—. The complex

shape of the inlet and outlet air ducts does not permit
a simple prediction of the isothermal pressuré drop
through these units. In the xpression

o )

ct

0
i S0 . (12

a s of ‘K egual to about 1,0 to. 1,5 was found to

be appropriate in calculating the duet lossess  This

nagnitude of K is equivalent to that used in computing
c

the pressure drop along a 90° elbow, which the ducts

i)
resemble.

Nonisothermal Static-~-Pressure Drop

The prediction of the nonisothermal static—pressurao
drop from the mneasured isothermal pressurc.drop, by means
of equation (11), was successful .in all but one instance,

T A a9 9 oy 1 A vams ey -
Heater Surface Temperatures

The heater surface
I) appear to be lower f

("‘\
SRR
+

v

on

Tt

at acccount for- this

1]

stcel heatecrs than fox the copper
jifficulties encounterc ining tempecrature msasure—
ments by the use of therw

ia

(]
leviati on,

LI e i e e PR N X e
le The thermal performance of the noncorry

fluted heater can be predicted to within 20 to 25 pecrcent
S 5 & =\ ! s\ o - T

by means of cquations (L), (6 , and (7), based on heat-—

transfer data of smooth dutts,
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2e¢ The thermal performance of the corrugated fluted
heaters can bo predicted to within 5 to 10 percent by
means of equations (5), (8), and (9), bascd on heat—
transfer data’ of flat plates, using the wave lenth of
. the corrugations .as the squivalent flat—plate. length,

3¢ ‘The- nonisothermal pressurc drop of all the
heaters can vbc adequately predicted from the iscthermal
re drop by mcans of equation (14),

3
P
@
n
m
o

4, he he at

=

ted with corrugatcd passages
instecad of plain o lded about 45 porCnnt higher
rates of heat tr er but increased the pressure drop
by about 65 perec ont on the air side and by about 130 per-—
cent on the exhaust—~gas side of the heater.

@

@
o =

7‘*} v v

construc
sages yie

E

;9
::’>"d

5 The isothermal friction factor along the corru—
gated passages was two to three times that for the plain
& passages.,

6e The inlet and outlet air ducts accounted for
about 83 percent of the total mecasured isothermal pressure
drop in the case of the noncorrugated heater and about 50
percent in the case of the corrugated heater, :

7¢ The heat—transfer rates and pressure drops were
approximately equal for the two corrugated fluted heaters
(copper snd stainless steel),

8s The use of an air shroud with abrupt inlet and
outlet ducts on the plain fluted heater yielded the same
rates of heat transfer but 100 percent greater pressure
drons than did the use of a shroud with longer inlet and
outlet ducts.

Yeitby of California,
Berkeley, Calif,
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TABLE I.- EXPERIMENTAL RESULTS ON NON CORRUGATED TYPE HEATER

HEATER | OVERALL

AIR- SIDE - EXHAUST - GAS SIDE . TEMPS. PERFORMANCE
Rn | % | T |aT| Wo [aP0 [ g, | Ta | Ta, |8Ts| Wy 8P | g, %‘; t. | t. | At |(ua)
° ° ° 1b Inches | K.Btu | ° b Inches K.Btu ° ° . Bt
No. F F 2 H.0 s =l B F F = ﬁ,o = F F F F‘%

PACA




TABLE I1.- EXPERIMENTAL RESULTS ON CORRUGATED-FLUTE TYPE HEATER

=
I. COPPER CONSTRUCTION (;_:
HEATER OVERALL a5
- AIR-SIDE — EXHAUST-GAS SIDE ——~ TEMPS. PERFORMANCE
Run | T | To | ATe | Wa | 8P | qo | Ta | T | OTs | Wy |AR | g %‘q_ t. | t: | at_ |(UA)
o o ° Ib Inches | K.Btu | = o b Inches | K.Btu = . . .3#.
No. = B F hr H,0 = F F F i H20 7 = B F heF
9 /104 | 359 | 255 (3700 |227 228 |/424 |/32!/ | /00 | 6620 |/2./ |/82 0.80 | 7/6 704 | /130 | 202
/10 /06 |426 | 320 (2500 |12.1 |/94 |/442 (/1334 |/08 | 6560 |//9 |/94 |/Joo | &6 (819 | s/70 | 175
/1 /77 519 | 408 | /550 | 572 |/5F |/442 (/1377 | 65 (6520 (/23 | 99 |065 | 929 |946 | /1090 | /40
/4 110 | 322 | 2/2 | 3800 |(22.0 |195 | /429 | /300 | 129 (4886 | 7z0 |/74 |0.8% | 628 |625 | /140 |17/
/3 /112 | 383 | 27/ |2580 | /1.5 |,70 |/403 (/295 | /108 | 4886 688 | /45 |085 | 717 | 720 | 7090 | 156
12 110 | 467 | 357 | /1550 | 535 |/34 | /398 |13/2 | 86 |4886 |700 |r1/6 |0.86 | 835 |649 | 1060 | /27
/5 109 | 29/ | 182 | 3850 | 2/9 | /70 | /4// |1265 | /46 | 3568 |4./5 |/43 |o08&84¢ | 558 |545 | 130 |/50
/6 /17 357 | 246 | 2530 | /.4 |15/ | /420 |/282 | 138 | 3578 |400 |/36 |090 | 558 |662 | ///70 | /36
/7 112 | 444 | 732 | /1550 | 505 | /125 | /433 |/32/ | /12 | 3568 |78F |//0 |os&s | 786 |798 | /090 | 175
2 STAINLESS STEEL CONSTRUCTION
26 100 | 36/ | 26/ |3400 | 204 |2/5 |/4/4 |/3/6 | 98 | 6497 | /18 | /75 |o&1 | 472 |4s56 | 1725 | 19/
27 97 | 399 | J02 (2490 | /3.0 |/&2 | /398 |/32/ | 77 | 6535 | /19 | /138 |0.76 | 538 |555 | //00 | /65
28 99 | 483 | 384 | /550 | 579 | /44 | /420 | 135/ | 69 | 6446 | 12/ |/22 |0.86 | 67/ |688 | /080 |/33
|
29 107 | 307 | 206 | 3470 | 207 | /74 | /4/6 | /278 | /138 | 3547 | 380 | 135 |078 | 375 |39/ | /145 | 15/
no
J0 /00 | 356 | 256 | 2485 | /120 | /154 | (424 | /29/ | /FF | 3546 | 370 | 130 | 084 | 447 462 | 1//5 | 138 w
3/ 104 | 426 | 322 | 1590 | 592| 124 | 1420| /312 | 108 | 3496 | 3.89 | /04 |0.84 | 555 | 575 | /090 /74
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TABLE III
NONCORRUGATED FLUTED TYPE HEATER

Isothermal static pressure drop data

L.
L G APiSO = APhtr L APducts Eiso Ciso E by Re
D |(calcu~
(1b/br) | (1v/hr ££2) | (1b/£t3) | (1v/£43) | (1v/£t°) lated
from
(a) | (o) (v) (v) | data)
Air side
1500 13,400 10.9 1.90 9.0 0,033 | 0,710 | =emeemm 17,100
2500 22,300 28.5 4,94 23.6 .030 U6 | i 28,600
4000 35,700 65.0 114 5346 .028 o604 | == | 15,500
Gas side
4000 20,600 2423 ——— — 0.028 | 0.329 | 0,027 |45,200
6000 30,900 4.73 ——— e .026 323 .026 | 67,800
8000 1,200 8.10 ——— —— L0244 «298 .025 190,100

8Pressure drops obtained from plots of AP against W.

js0 Obtained from fige 7 of reference 3 %friction factor against Reynolds)
°AP,,. for air side obtained from predicted ({350 L/D) (See pg. 12)

2

AP+ o L up (
'_ 180 D 2g 11)

&Y

/- M
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[honisothermal static pressure drop dat{]

TABLE IV

CORRUGATED FLUTED TYPE HEATERS

25

L
" ¢ AP:i.so = 8Payct |+ APntr C:Lso (giso 5) Re
(1v/nr) [(1v/br ££2)] (10/£43) | (1b/£%) | (1b/£42) | (calculated
from data)
(a) (b)
1. Copper Construction
Air side
1500 14,600 176 9.00 8.60 0.118 | 2.62 17,900
2500 24,300 47,3 23.1 20.0 .099 |2.20 29,700
4000 39,800 97.7 Bl 1.6 O Lisgs 48,700
Gas side e
4000 21,400 696 | w——eem B 0.111 | 0.989 | 65,200
6000 32,000 NEE | i - Bl .099 »883 | 97,600
8000 42,800 22.6 SRS [ e .030 .802 130,000
2. Stainless~steel construction
Air side _
1500 14,400 18.2 9.00 9.20 0.137 | 2.88 18,600
2500 24,000 46.2 23.1 233 J24 p 2.6 31,000
4000 29,400 | 109. 5641 52.9 .111 | 2.3% | 50,900
Gas side W
4000 21,400 LT B RS 0.0941 | 0.923 | 69,000
6000 32,000 12.0 ,0778| .762 | 90,400
8000 42,800 18.6 —— | e L0674 | .661 [138,000
aPressure drops obtained from plots of AP against W.
bAPduct obtained from data on noncorrugated fluted heater (See text,

PEge.

12.)
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TABLE V
NONCORRUGATED FLUTED TYPE HEATER

[ﬁsothermal static pressure drop daté]

Predicted Measured
Measured noniso~ noniso=-
isothermal thermal thermal
Run w G pressure pressure pressure Ty Tz Tay
drop drop drop
(1b/nr) | (1v/hr £t2)| APigo[AFT, AP | AP AP APt (%m) ("m) OB

1b/ft2 in. 520 |10/£62 |in. B0 | 10/£43 |10, B0
(Ti5 0= 552 °R)

Exhaust gas side

56 | 3560 18,000 N5 0.35 F.84 | 1.12 7.38 | 1.42 [1875 1815 184
53 | 48l40 24,900 3.16 Eoagl bt 1,95 | 13.0 2.50 (1898 1832 186
51| 6610 34,100 5.66 1.09 | 19.7 .80 | 23.4 Y52 1888 1850 186

1610 14,400 > : 563 724 64
3000 26,800 : . : 562 743 65
4650 41,500 . . 559 680 62

%These entries are taken from plot of APQ against Wg or AP, against W,

since actual isothermdl measurements were at slightly different fluid rates.

5=l <Tiso> 6oo> vV, & 5—1 - 1> (29

12
AP! = AP X ine Hz0
6243
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TABLE VI

CORRUGATED FLUTED HEATER

[Nonisothermal static pressure drop data |

Predicted Measured
Measured noniso- noniso~
W G isothermal thermal thermal Tyt U il
pressure pressure pressure
Run drop drop drop
(1b/nr) [ (1b/hr ££°)| APigg |AP'Tigo| AP AP! ap | ap' | (°R)|(°R) |(°R)
1b/£t° [in. Hz0|1b/£t2|in. Hz0|1b/ft" |in. H0
1. Copper heater
Exhaust gas side
16 3580 19,100 6.001" 116 21.9 | U.23 | 20.8 4,00 1902|1837 (1870
12 Lgg0 26,100 10,2 1.96 3. U] 6.64 | 36.3 7.00 [1902{1794|1848
9 6620 35,400 16.6 3.20 55.7 | 10.8 62.8 | 12,1 |1884[1781]1833
Air side
12 1550 15,100 18.5 3.57 29.9| 5.76 | 27.8 5.35 | 570 927| 749
16 2530 2l,500 44,0 8.50 63.1]12.2 B58.0° " 17,0k 571 17| 694
14 3800 36,900 90,0 1 17.b 125.7 | 2.2 J13I4.0 || 22.0 570| 782| 676
2e Stainless steel heater
Exhaust gas side
31 3500 18,700 5.10| 0.98 ! 17.51 3.38 | 20.2 3.89 | 1830|1772]1826
27 6540 34,900 13.5 2.60 46.3 | 9.00 | 61.7 | 11.9 |1858|1781|1820
Air side
28 1550 14,900 19.5 3.76 32.1 | 6.20 | 3040 5.79 | 559| 943 751
27 2490 2l4,000 45,0 8.68 68.9 | 13.3 B7s2 | 150 5571 859| 708
26 3400 32,700 78.0 | 15.0 115.8 | 22.3 |105.6 | 20.4 H60| 821| 690

8The entries are taken from plot of APg against Wg or AP, against W,

since actual isothermal measurements are at slightly different fluid rates.

- (32 R G-
*59\ Tiso 3600/  Yig \T1
e

REVI SRR e

in' HQO

62.3

(14)






NACA Figs. 1,3,3,4,5

Figure 1.- Photograph of Figure 2.- Photograph of

corrugated-flute corrugated-flute
type heater (stainless type heater (copper).
ateel).

Figure 3.- Photograph of air shroud used on flute-type
heaters.

Figures 4 and 5 - Photograph of heaters in test stand.
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NACA Fig. 6
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Figure 6.~ Thermal output of non-corrugated
flute type heater as a function
of ventilating-air rate,
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Figure 7, - Over-all thermal conductance of non-
corrugated flute type heater as a
function of ventilating-air rate,
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Fig. 8
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Figure 8.~ Static pressure drop on air side of non-
corrugated flute type heater as a function
of ventilating-air rate.
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Figure 9.- Static pressure drop on the gas
side of a non-corrugated flute

type heater as a function of the exhaust-

gas rate.
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NACA
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Figure 10.- Thermal output of corrugated-flute type
heater as a function of ventilating-air-

rate.
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NACA Pig. 11

22
Predicted curves
o 0 ,r(for copper heater)
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o
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o / x ¥ 4890 1b/hr ]|
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100
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60
0 1000 2000 3000 2000 5000 6000 70Q0
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Figure 1l.- Over-all conductance of corrugated-
flute type heater as a function of
ventilating-air rate.
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Fig. 12
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Figure 12.- Static pressure drop on ventilating-air
side of a corrugated-flute type heater
(stainless steel) as a function of ventilating-air rate.







NACA Fig. 13
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Figure 13.- Static pressure drop on ventilating-air
5 side of corrugated-flute type (copper)
heater as a function of ventilating-air rate.







— /&

NACA Fig. 14
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pressure drop
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Figure 14.-~ Static pressure drop on exhaust-gas side of corrugated-
flute type heater (copper and stainless steel) as a
function of exhaust-gas rate.
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Experimental points
.30 Corrugated-flute heater Now-corrugated flute
Copper Stainless steel
0 Air side © Air side
O Gas x Gas
.20 Stainless steel
A Air side
v Gas |
> Corrugated flutes tii?ﬁfi::L\\‘
I~
t. .10 <
iso \\\{}\\
.08 s - —
.07 N~ \
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~0—| Non-corrugated flutes
-03 ——0 e :
‘§L~-\“‘X _}-1-fCurve for commercial tubes
X (fig.7 of ref.3)
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Figure 15.~ Isothermal friction factor as a function of Reynolds
number.
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A
Full fluted section Tapered fluted section =
>
vent. vent. g;’
air VTR air >/
\ AN\
A s o o
\\ \y-»—‘-———-_o- 2 1"
exh. NN | I : 7510y p,
gases \\ : |l | | gases
i L =g il
(o
/ ] 343 (Stainless steel heater)
Aseron 1hermocoMA ABprad) dihardioc inle :: ve:hluhng air passages
locations (6) 16 ventilating air passages — locations (6) exhaust gas passages
16 exhaust agas passages
(Copper heater)
IT ventilating air passaages
i I7 exhaust gas passages
3% e 3
0.038 "
Ts
\Closed sleeve Corrugated section
i insert o
73 LD, ——— T3 1D, ——=
2 2
Section A-A Section A-A
Plain fluted type Corrugated fluted type
(Stainless steel) (Copper)
Plain (stainless steel) Corrugated (copper) Corrugated (stainless steel)
Air Gas Air Gas Air Gas
Cross section area, ft* (At section A-A) 0.112 0.194 0.103 0.187 0.10¢4 0.187
Wetted perimeter, ft. (n " n ) 7.60 7.68 7.28 5582 6.97 5.0l
Heat transfer area, ft° o) Yolfe) 6.92 6.92 6.50 6.50
Length of full fluted section, ft. 0.917 (0) 1 7 0.958 0.958 0.958 0.958 -n
Length of each tapered fluted section,ft. 0.354 0.354 0.292 0.292 0.292 0.292 «Q
W1 of heater, Ib. 19% 242 18 =
Wt. of shroud, (873 Ib)
Fig16.-  ScHEMATIC DIAGRAM OF SoLaR HEATERS AND AIR SHROUD.
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