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SUMMay

Performance data on a small AlrBsBarch exhaust gas
and air heRt exchanger are presented. Beat transfer rates
were measured. using about 8000 pounds per hour of exhaust
gas and about 4300 POU~dB per hour of ventilating air.
The Inlet exhaust gas temperature wao maintained at approx­
imatel~ 1400 0 Ii whereas the ventilating ~ir temperature
was about 95 0 I. Tests were maie with tha air shroud
disp~Bed in two different positions. preseure drop measure­
ments were made on both the exhaust gas side and the ven­
tilating air side of the heat exchangor.

The maximum measured rate of heat transfer was
259.000 Btu per houri whereas the maximum static pressure
drops wara 7.3 inches of water and 12.4 inches of wa~er on
the exhaust gas and ventilating air sides of the heater.
reepectival~.

The moasured thermal outputo and pressure drops are
compared ~lth predictod values and also with meaGured
values obtain'd on a siml1ar but larger Airosearch fluted­
typo heater.

Equations for the unit thermal conductance reported
eerlier are rewr~tten in terms of tha LID ratio of finned
or unfinnsd heat exchangers.

Il1~:aODUCTION

The heater. designated for purposes of thi9 report
as Airesearch hsater no. 2. was tested on the large test
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stand 1a the Mdehsnica1 3D£1neerlng L.b~&tories of the
Unlversit7 of California. (See fig. 1. ~or a description
of this test stand, ~ee reference l.)

The results of teets on a similar but larger Alresearch
beator (de8ig~ated as no. 1) have been given previous17.
(sae reference 1.) These baate~s are designed for use in
the exhaust gas stream of airoraft engin~8 for cabin, wing,
and tail-surface h~atiDg B7stems. ~ ~

~e following data were obtained:

1.' Weight rates pf eXhaust gas and of ventilating
air through th& two aides of the heat exchanger

2. ~emporatures ~f ventilating air and of exhaust
gal at entranco and e~~t of the heater

3. Temperatures of the heater surfaces

4. st~tic pres8uro drop measurements on the exhaust
£al and van\11ating a1~ sid~s of the ~eater

un~er Doth l~othermal ~nd non-isothermal flow
c~nditioDS

The~e m~6Buroments were mado with both of the air­
shroud openings on tha sams sida of th~ hcp.ter and ~8re

then repeat~d with the ~ir inlet on t~a opposite side
from tao air outl~t heador. (Seo figs. 4 and 5.)

A aroa of hant tr~ngfer, ft 3

01 constant (defined in Appendix)

cPa heat capa~ity of ~ir at conatnnt pressure, Btu/lb OF

cp ho~tc~city of azheust gas &t c:nsta3t pr~ssurBI

g Btu/lb o~

Da hydr~ull0 diamotor on ventilating air side, ft

Dg h7draulio ~iameter on exhaust gae slde, ft



for
D as
(aver-

:

" ~Q .: unit thermal convective conduotance. C"ye;r.age with'.
" length). :Btu/hr ft a 0:!r, . '. .

f c unit th'8~mal c'ODvact'ive conductanoe' f'or' the venti­
. a. . " ~a'ting air (average 'fiith,leng1;hl, ·:Btu/hr fta OJ'

unit thermal convectivu conductance in a duct
either.fluid using tho 'hydraulic diam&ter
tha significant dim~Dsion in aquation (12)
age with length), 3tu/hr ~t8.~~

unit thermal convectivo conductance for the eXhau~t
gas (average with l-alzlgthh '9tu/hr '!tra- or : '

unit .thClr!l1al c cn ve c t ive c cnduc tan c e along .a flat
plate for either f·l'li1d."using the l'un'gt:a of, the
flat plate in thd directioD of flui~ flow as the
significant dimension in equ~tion (9) (average,
",t""th length') I 'B,tu/hr' ft a of ' .

e

G

\

gravitational force per unit of mass •. l,b/ (;Lb seca/ft)

weisht rate per unit of n.rea, lb/hr ft a
, ,

weight rate par unit of area. for ventilating air,
lb/hr 'fta

weight rate per unit of nr6a for '3xhA.ust gas.
, 1 b/h'r ft lil

length of flat nl a t a mea.sured in clirection of fluid
f lOjl • it

L length of heat ,tr~:o.Bt'Ol' aurface, ft

'Pl

ta

heat transfer per·1meter. 'ft .
I _.

,
measured rate of enthalpy change of ven~il'ating air,. , :Btu/hr .

measured rate of enthalpy changa of exhaust gaB. Btu/hr

arithmetic averago temperature of heater surface at
seotion defined by point 1. OF

ar:i:thJl1etic &vf)J."e.ge temperature of' heater surface at
section defined by point 2. OF



(UA)onds

:" ,."'t1th~~t~~, averagQ m'-s::od· mean: a'bsolute tem~era~ure
. of eithe;t" fluid':: Tl + Ta1.2"i' ~~ equation (8)
only; otherwise arithmetio average mixed-mean

• I. r

',' '.;." .,' .' .. '.' 'T·B.1 + "aa 0
,"ablujlute 1;.emperature Of atr~:;:': + 460, Ii

I .. ".. '" 2

'a~ithm~tiq ave~ag~:mi~e~-mean ,~bsolut~ temperature
,. + T .. . .

.. ~l g'a' , . . a
of exh~u8t gas = . + 46-Q, R. .2' .

T 1
mixed-meo.;n absolut,e temperature :of t~uid at point 1,
0' oR

Ta . m'ixed-m ean absolute ,t e·!l!~~rat~.l"e of f l:u.id at point 2,
, oR

,
Ti s o mixad-:nean absolute tempe-ratu;ra of fluip. for iso-

thermal pres Bur'e-drop tests, o.R

'U ov.sr·-alJ. unit therme.l conducta.noe~ Btu/hr ft a of

UA over-'at'l thermai'conductance, Btu/hr 0)1

, ..
over-all thermal conductance for the center full­
fluted section of the heater, . 'Btu./hr 0ll'

over~al1 thermal conductance for the tapered ends
of the hoater, 'Btu/hr or

w~ wai~ht rate of air, lb/hr

x

"'1
8

wei~ht r~te of.exhauB~ ~as, ~b/hr

length along a fl~t p~at~ O~ duct measur~d in dl~ection

of fluid flow, ft"

weight ddllslty of fluid at entrancG_to ~~atlng section
(point 1), lb/ft 3

'thicknass of boundary layar, it
. '

noi:l.-isot!:1E~rmal pra~a.,ure drop a.long heater,' lb/ft a

pr~BBure drQP a~ong.haater on .yentl~a~ing-air sld~,

lolita
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APi a pressu~e drop along heater on ventilating-air

side, inches BaO

5

pressure drop along heater on exhaust gas side.
Ib/ft~.

pressure drop along heater on exhaust gas side.
inch<3s HaO

AP 'isothermal pressure drop due to friction along
Tiso heater at temperature Tiso

~Ts

~ogarithmiQ mean temperature difference, o~

viscosity of fluid. Ib 8ec/~ta

difference betw~en mixed-mean temperatures of
vontl1nting air at sections defined by points
1 and 2 = (Ta a - Tal), OJ' .

diffarence betwoen mixed-m~an tumpuratures of ex­
exhaust· gas at sections defined by points 1
and 2 = (T g 1 - Tga', 01

T mixed-mean temperatur<l of ventilating a.ir at
8.1

section defined by point 1, OF

Ta a mixed-moan tOlD.9c:rc..ture of ventila.ting air at
section defin~d by point 2, OF

T
g 1 mixed-mean temperatura of aXhauat'gas a.t section

defined by point 1, 0Jr

Tg a mixed-mean temperature of exhaust ga.s at section
de:f'in~d b1" point 2, OF

Ra Reynolds number = G D/3600 g IJo

Point l' refers to entrance and of heater

Point a refers to exit end of heater

D~SORIPTIOE OF~AIRESEAROH NO. a·HEATER ABD

TESTING PROOEDURE

The Airese~rch no. 2 unit is a parallel-flow. un­
finned. fluted-type heater containing 40 alternate exhaust



6

gas ~nd ventilnting air passages. The ovor-all len3th
of the h9at transfer Burface is 201 inches. A sketch
of this heater is shown in figure 64 Also. photographs
of the h~ater are shown in fi~ures 2 to 5.

The principal differonce betwaen Airesearch heBtor
no. 2 &nd heater no. 1 (sea reference 1 for 6 description
of tests on AireBoa~ch haatar no. 1) is tURt the heat
trnnsfGr surf~ce of no. 2 is shorter (20i in. as ~gainst
26 in.). The diamater of the shorter heater (.110. 2) at
the centor s~ction is one-half inch less than thpt o~

tho longur one (el in. as "eo.gain9t 9 in.). E.nd the tott'.l
number of p~sB~~es for t~e no. 2 unit is also less (40
against 48). The tapered Dnd suctions arc approximatoly
the eama on th~ two heateru. ~he same air shroud as was
used for the Air~sGaroh no. 1 haeter tests (obtainJd from
Ames Aeroncutic~l Laboratory. Moffett Fi~ld. CRlif.) was
shortoned to fit thJ smallor honter. (Seo figs. 4 nnd 5.)
The inlet hoad~r of the air shr~ud contaiQs vnnea arr~nged

to distribute the flow of ~ir ~~ound the perimut~r of the
hoe. tar.

The w&ight rates ofaxh~ust gas Rnd vontilnting air
ware obtained by menns of c81ibratdd squ~ro edga orifices.

Tho ~xhaust gns tempar~turus were mansurad nt th3
inlet ~ni outlot of tho h~ater by means of shid1ded
traversin~ thermocouples.

A mi%i~g davico was uced Rt the exit of the nntura1­
gas furnacd to bive an approxi~~tely uniform tem~ernture

distribution ~t the entrance to the heater (the measured
tom~erature distribution in deg F at bot~ i u1et and out­
let ends of tho hoa~ur was within ±5 percent of co~p1ute

uniformit~). (Soe refo~ence 1 for a dascription of t~e

test st~nd nnd its in~trumentation.)

The oxh~ust gfiB tempor~tura tr~Yorsos were mede ~t

poi~tD 22 inchos upstre~m ~nd 16 inch~s doy.nstroam from
the hant tranofcr s~ction of the heRter.

Temp~ratures of the vent~lating air before and after
passage through the heater were dotermined from traverses
made by' unshielded thormocoup1es. The temperature traverses
at the inlet end of th~ h~ater ~ere un1for~ ~ithin ±l per­
cent and thosa at the outlet end within ±2 percent. These
traverses were made at points 22l inches b~fore ~nd 39i
inchos after t~e air-ahroud openings.
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The heat 10s9 to the surroundings ~~B reduced to a
negligiole amount by vrap~ing the ducts vith asbestos
sheets.

TemparRtures of the heBter surfaces ~ere measured
at six points. three at each end of the he~ter. (Sge
fig. 6.)

Static pressure drop me~surements yare made Boross
the air and exhaust gas sides of the heater. Two tB~S.

180 de~rees B~Brt. vere installed at eBch ~resure meaBur­
in~ station. The preeaure tA~S on the exhBust ~~s side
¥ere placed 12 inches before and 121 inches after the he~t

. 2
transfer section of the heRter in Bn 8-inch duct Bnd thos~

on the ventilating air side ~ere ~lRced ~7 inches abe~d of
and ~O inches Bfter the air-shroud onenin~s in a 5-1nch
duct.

HaRt transfer and nressure drop dAta ~ere taken with
the air-shroud openin~s on the s~me 91~e of the heater
(see fie. 4) and also ¥ith the air 0n~ninps on o~~09ite
sides (see fl~. 5).

CALCULATIONS

Heat Transfer

The thermal output of the henter ¥as cteterminp.d by
the enthalpy chan,-e of th~ vpntl1ntin~ air:

qa = Wa cp a (T - T )R a a
1

(1)

in which cPa ~as evaluated at the arithmetic avara~e

ventilatin~-air temnerature as R ~ood an~roximRtion. A
plot of qR against Va at constant VRlues of the exhaust
I':as rate 'W g is sho"'n in fi#!:ure 7.

On the exh~ust ~ns si~e of the hpater:
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where Cpg was evaluated for air at the arithmetic aver­
age exhaust gas tempera~ure previous17 mentioned.

The ove~all thermal conductance UJ. was evaluated
from the expression

(3)

J. plot of UJ. as a function of the ventilating"al":,r
rate Va at constant v~lues of Wg io shown in figure 8.

A comparison of predictod and measured-results for
the larger J.iresearch no. 1 fluted-t7pe heater (see refer­
ence 1) reveals that an arbitrary aolection of the heat
tranefer length L was not ade~uate to account for the
different mechanism of heat trana~er along the tapered
end section as compared to that along the uniform full­
fluted center section.

The rate of heat transfer through this uniform full­
fluted centar section can be predicted by means of the
equation

"he:re

UJ. =
1

(4)

A heat transfer surface of tho center full-fluted section

the unit thormal conductances on the ventilating
air and exhaust gas sides of the heater, respec­
tlve17. are evaluated from the follo~ing equations:

Ga
o.e

f 5.56 x 10-" Ta
O.ElRB

(5)=ca,
Da

O.D

and

10- "
0.09B Ggo.e

f c g = 5.56 x Tg (6)
Dg

O.D
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in which D is the hydraulic diameter and the subscripts
a and g denote ventilating air and exhaust gas sides •

. ~ -reapective-1Yi (See references 2 and. 3 fo.r derivat ion. of
equations (5) and (6).)

~he rate of heat transfer through the tapered ends
of th~ heater was obtained in a different manner. It is
very difficult to calculate the rate of heat transfer
through these end sections bec~uBe of the nonuniformity
of the fluid flow and of the geometry of the fluid passages.
Therefo~e tho difference betwe~n the predictod over-all
thermal conductance through the uniform center section of
the larger h~ater. using equations (4). (5). and (6) and
the totel m~asured conductance of the lnrgor heater (Aire­
searoh no. l)(reference 1) ~as used to ddtermino the con~

ductance through the tapered end s6ctions, which are about
the same size aud shape on both haaters.

Tho ond cor~ection for the lar~~r heater (no. 1) was
found to vary in th~ following ~rnnlr:

~a (UA)e~de

(lb/hr) (Etu/hr of)

3000 64

6000 73

6000 77

The variation of (UA)ends with the oxhaust gas rate
Wg was smaller in magnitude than ~ith Wa and was some­
what inconsistent since tho magnitudos of (UA)ends et
one value of Ug were smaller than thosa at a lower value
of Wg•

Thus the predicted magnitudes of UA, for Airesearch
no. 2 ha~ter. BS shown in figure 8, nre evaluated as the
sum of tho UA calculated for the uniform full-fluted
center section of ha~ter no. 2 from equations (4), (S).
and (6) ~nd tho (UA)ends of heater no. 1 evaluated from

its variation ~ith Wa previously shown, according to
the equation
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This equation is exact only ~h9n the temner~tur9 ~otentiBl

between the ~xhaust ,as and the v9nti1~tin~ air is con3tant
a10n~ th~ lenpth of the hpat exch~n~er. This is Bnnroxi­
mated for an ~xhaust gas and air h~at exch~nr~r in ~hich

the temperature potential is l~r~a nnd the 6t t m is a
mean value of thi~ potential.

Pre~sur9 Dro"!l

Th~ non-iscth~rr.al ~ressure 1rnn ~f Aither fluid
through tb~ heBtqr ~BS pradict&d from i~othp.r~Bl measure­
Ments by m~ans of th~ equation

where

t.P
T . 1 .13 \E

= tP'll \' --~-) + (-~--
-i80 ,T

i
36101

so'
(s)

6PT isoth~rm~l preaaure drop due to friction Rt
iso temperRture Ti e o

T 1 ~nd Ta mixed-m~an noso1ute tempar~tures of fluid ~t the
i~let Rnd the p.xit of he~tpr. res~ective1y

arit~metic avprB~e of T Rond rp
1 a

G fluid f10~ par unit of croas-sectionn1 Ror~a

unit ~ei~ht of fluid at inlet to heRter ~vRlu~tpd

~t ten~or~ture T1

The hp.~t trRn~fer nn~ nreseure dro~ dR.t~ for A~resPBrch

heRter no. 2 ortl\:lnad, from tests pith thp q,ir-shrout1 O'D~n­

in~s on thp ~~~e side of t~e h'At.~r Rrp ~respnt9d in t~b1e I
and tbo~~ from te~t~ with th~ air-shroud o'Deninps on o~'Dosite

sides are ~iven in table II.

A com~Brison of measured and nredicted pressure drons
along both sides of the heater is ~rAgented in table III
~nd sho~n praphic~:l7 in figures 9 to 11.
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DISOU~SION OF RESULTS OW AIRESEA~CH NO. 2 HEATER

, Sinoe -t,he aocurRo07. of t~Dlp~r.ature 'meRoBuremente "'Jl.1I
much greater on the air side of the -beater, the entb"l:p:r
ohange of the ventilating air was used to determine the
thermal output of the heater~

The avera~e meBsured temnerature chan"e of the ex~

haust gases durin~ passage through tr.e heRter ~as about
75 0 F. A I-percent error in the determinAtion of either
inlet or outlet exhaust gas temperature T ; 14000 r
could cause an error of 19 percent in the ~eterminRotlon
of the temperature change of the gas. The poor heat
balances obtained for these tests may be due to this error
in measurement and also mal be due nJl.rtly to incom~lete

combustion of the exhaust gases.

At " ventilatinr. air rRote of 4000 nounds per hour
the over-all thermal conductance UA ~ao 14 percent
loyer for this hpater (AireseArch no. 2) than for the
lar~er (Airesearch no. 1) he"ter at RoD exh~ust P.RoB rate
of 7300 pounds par hour and 11 nercent lo~er ~t an ex­
haust gas rate of 4200 ~ounds ner hour. (Sea reference 1
for results on Airssaarch no. \ heater.)

The isotherm~l nresgure dron on tha ventilatinp. Air
side of the heatpr van 17 ~prcent less A.nd on the exhau~t

g"g side 30 percFnt le~s for the sma~ler hpater (Airpse"rch
no. 2).

The heat transfer len~th ~as rpduc9d by 21 ~ero~nt and

the diameter of tbe heater by 51 ~prcent for the smaller
2

unit A8 comr-ar~d ~itb AireseA.rch heatpr no. 1.

Tbe measured beater surfJl.ce tpm~erA.tures ~ere A.bout
18 percent lo~er for the smaller heBter than for tbe larger
heator at corres~onding fluid rates and temner"tures.

Reversing the position of the outlet ventilating air
peader, thus causin~ the air-side o~enin~s to bp.· on op~oslte
sides of tha heater, did not aT'~reciabl". affect the rate
of heat transfer. (See fig. 7.) Thp corresponding iso­
thermal pressure drops yere about g percent greater with
the reversed a~ranr.ement. The heater tem~eratures ",ere from
10 to 15 perc~nt higher at the outlet end of the beater for
this revaroed arrang~m~nt; Yhereas the heat~r tem~eratureB
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near the inlet end were about the same for the two positions
of the air shroud.

The two ~lr-shroud arrangements are pictured below:

! r
,il- O .

-~I I~~
1n I jout

1 -'r-'~L_I I I

air in ~dr out air in

.---,

gas I gas

-ilf l----------=--.,...-J out~
!_-,

Air openings on
sa!!le I; i':."~e

Air openin~s on
O?pos~te sid.es

The predicted over-~ll thermal conductance UA !s
about 17 p~rcent lo~~r than t~e ~al~e derived from 'abor~­

tory measnrement~ at ~n Ax~aust ~as rate of 7940 pounds
per hour cnd about 3 pJrC~Lt lo~e~ at a~ ezhauvt gas rata
of 4::130 po un d a pe r hour. (See fiE:. 8.)

T~e seemiu£ly small variation in tho Fredicted ~ag­

nitudes of U~ with the exhaust g~s rate was ~ue in part
to the use of a value of (UA)ands ~hlch is depenient

onl~ on the ventil~ting-air rate. (See discussion under
Ca.lculations.)
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The predicted magnitude of the non-isotherm~l pres­
sure drop derived from equation (8) compares wsll with..
the· measured..-val.:ue Jlfhen the air-shroud openings' were on
the same side of the heater. (See fig. 9.) The deviation
between predicted and measured values for the reversed air­
shroud arrangement may be due to the increased pressure drop
caused by greater contraction, expansion, and eddy losses
occasioned by the reversing of the vo~tilating..air outlot­
header duct. (See fig. 10.) The isothermal pressure-drop
term APTi used in equation (8) should be that due to

so
friction alone.

The predioted non-isothermal pressure drops on the
exhaust gas side of the heater are about 15 percent lower
than those measured in the laboratory. (see fig. 11.)

An inspeotion of figures 9 to 11 reveals that the
slope of the non-isothermal pressure drop curve 1s less
than that of the isothermal one. At high weight rates
the temperature.changa of the fluid 1s small; th1s causes
the l.as t term in equat ion (8) T:a/Tl' - 1 to be small and
thereby lowors the magnitude of the non-isothermal pressure
drop. Also on the ventilating air side the non-isothermal
pre8s~e drop must coincide at an infinite woight rate of
ventilating air with the isothermal pressure drop since the
inlet and outlet air temperature would be equal - that' is,
isother~al. .

CONCLUSIONS

1. The thermal performance of Airesearch heater
no. 2 can be astimated to within 3 to 17 p~rcent by use of
the method described in this raport.

2. The non-isothermal pressure drop due to friction
can be appro%imated from measurod isothermal pressure drop
values by means of equation (8).

3. A roduction in length from Airesearch heater no. 1
by 21 percent and in diamoter by 51 parcant reduced the
thermal performance by only 10 to 14 paroent. On tha ~x­

haust gas side the prassure drcp was reduced by 30 purcont
and on the ventilating air sido the pressure drop was ro­
duced by about 17 percent.

-----------------_---..:..-_--- .__.-



4. The alternative a~rangement of the out~et

ventilating air header for ~bich the air inlet and
outlet openin~B ~ere on opposite sides of ~he heater
did not greatl1 affect the thermal or pressure drop
oharacteristics of Airesearoh heater no. 2 tested here.

University tf Califnrnia,
Berkeley, Calif.

APPEliDIX

TENTATIVE E~UAT~OITS FOR THE CALCULATION O~ THE

- UNIT THERMAL CONVECTIVE COND~CTANCE ALO~G A

FIl~D OR UNFIBNED HEAT EXCEA~GER

INTRODUCTION

!ke flo~ of a fluid alDn~ R flnt-~latA fin or at
the entrance of a tube or duct plRced in a field of uni­
form vel.city may be a~proximately d~scribad as frllo~s.

A laminar b~undRry layer of rAt~rdAd v~locity is initi~tp.d

at the ed~e of the fin or tube Rnd increases in thickness
with distance from the entrBnc~. If the turbulonc~ in the
fluid Qr the surfBce roughnpss, Ate .• is ~reat enou~h, the
floY in this boundary layer may become turbulent. As a
first approximation the flo~ chRract~rtstics near the tube
inlet may bo considered to be th~se Rlon~ the leadin~ ed~p.

of a flat ~late. At some ~oint dovnstream from the entrRnce
of the tuba, ho¥ever. the retRrded layers Rlon~ the ~Rl19

may fill the tube completely. The same condition a~plies

t~ flow batyeen fins plac9d in close ~roximity. (Spe
sketch on p. 21 and fig. 3 of rofarence 3.)

The relative thickness 5/x of the boundRr~ lRvor in the

lam~nar regime varies ap~roximately RS Be-o• s ~nd the thick-

n e s s 5 a 8 % 0 • 6; '" h.r;. r E'l RS the r q, t i 0 - .f:.. - = -- !~- V R r i ~ s q, s
G Cop Rn Pr

-0.5 -0.5Be or as x ,¥here x is t.he distq,nc~ in th~ dir~c-

tion of fluid flo¥ mep.sured from the entrancp of the tube (or
from the edge of the flBt-plate fin). If th~ b~undRry layer m
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or as

varies as
whereas the

varies as

turbu1ent. its relativo thiokness
Be- o• s and the thiokness 8 as

f "ltu
ratio - =

G oil :ae Pr

~he cor~espond1ng funot1ons in the region of transition
between lam1nar and turbulent flow are less well known.
Downstroam from the point where the fluid flow is fully
developed (tube ~ompletely f1ll$d by boundary layers).
the unit thermal conductance is independent of the di~­

tanoe from "the tube entrance and depends on the hydraulic
diameter of the tube. When the location of this point ot
fully developod flow is kncwn. the equation for the unit
thermal conduot~nce along flat platos an~ for that 1n
tubes may be used to approx1mBtQ the conductance as a
funct10n of the heat exchangor le~gth.

Th~ conduct~nce eqnations re~orted earlier (see
references 2 and 3) may bo rewritten in order to take
into account the variation of the unit thermal conductance
f c with exchanger length by a tentative method derived
ae follows:

Der1vation of Equations

For the turbulant regime the aVera$8 unit thermal
conductance for the length \ alonp, a flat plate (see
reference 3) is

The loc~l or point v~lue of "fc D87 be fJund froD t~e

express1?n (SGO rufere~ce 4, p. 38):

(10)

whore n is the oxponJnt ~f , (-0.2) in equBti,~ (9), ~o

tha.t

o-p
f 0 8 f = 7.49 x lO-~ mO. s s s G (11)c x = • Ct ;a,- ~

------------------------- --- - -
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The average conductance in a long tube or duct of
hydraulic diameter D (see references a and 3) is

(la)

Along a tubular heat axchange~ or in the space bet~oen

flat-plate fins the conductance near th~ entrance is given
by equation (11) and that near the end of the passage by
equa.tion (12).

The correct me~hanism of heat transfer at any point
x may be characterized by the equation yielding tho g~eater

magnitude of f c at ,that point. By e~uating the right
si~eB of equations (11) and (la) the vaiue at X/D for
f CD = f c is 4.4. 'T~erefore at a distance of x = 4.4D
from theXentranoa of the tubular heat ~xchan~er or fro~
the entrance to the space b~tween two flat-p~ate ft~s the
local values of f c dar1ved from equations (11) and (12)
aru equal and at this point it can be said that thu flow
is fully developed (t~at is, th~ tuba or space ia com~lctely

filled by the bounaary lsyers).

Since equation (11) yielda a higher value of f c up
to the point where x = 4.4n, this equatIon is used to
evnluate the local value of f c up to this point. The

x
average val~e of f o for any len~th \ up to t~e point
x = 4.4D may be derived fro~ equation (9).

For distances alon~ a tube, cha~nel, or fin ~reater

than x = 4.4D. the local value of f c from equatio~ (12)
is hi~~er (furthermore it 1s cO~9:a~t with length). Thora­
fore equation (12) is used to calc~late the local f c for
all vnlues of x between x = 4.4D ~nd t~e end of t~~ tube
or fin.

,
The aver~&e value of f c

x = 4.4D Is a combination of
a tube of hydraulic dia~eter

average f c would t~us be

for a distance ~reater than
aqnations (11) ann (12). For
D ani len~th L?: 4.4D. the

(13)



Let equation (12) be written as

17

01
= --o:s

x

where

Equation (13) becomes

+.(=L
x= ...... -\D

and, since

Or

1 -0 ]
f c = L I--=- (4.4D) o.a + f CD (L-4.4D)

~O. 8

and

Hence

____1111. •• __ •• _ ••• _
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It can be Bean from equation (11) that the term

is equal to f c x for x = 1.4D whic~ was s~own to be
also equal to f CD at this value of ~. So equation (14)

can be rewritten as

~

1:. I f CD 4.4D
I

f c = + f c (L-4.4D)J
L 1..0.8 D

= 1.25 )( 4.4 D f c + f.
L D f CD4.4 -L D cD 'L L

0.25 D= x 4.4 - f c + f CDL D

f = f 11 + 1.1 ~J (15)c cD I..

>Eence for tubea or fins of len~th L = 4.4D, wh~~e ~

is the ~ydraulic dismeter. the averpge conductance f c is
greater than that ex~ressed by o~uation (12), usin~ the
hydraulic di!~eter as the significant di~e~sion, by the

multiplier ,1 + 1.1 DJ. For e. circular tube in '''hich
I.. L -

D = 1 inch and L = 12 inches this factor is 1.093, in­
dicatin~ a 9.3 perc ant correction to equ3tion (12).

Tho equations above hold for t~e system where a fin
or tube is placed in a fluid of uniform VDlo~ity diatrioution
and the transition of t~e boundary layer fro~ 1ami~ar to
turbulent flo~ oc~urB very ne~r the origin of thp. bou~d~ry

layer.

In the actual system ~here fine are attached to a
surface over which a fluid is flowin~. the leading edge of
the fin or flat plate is BubJe~ted to a nonuniform distri­
bution of fl~J.id valocit:r B inca the velocity "ie zero at the

-wall or base of the attached fin.
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Another deviat10n is found in the system where long
'continuous fine are cut or' slotted at regular int~rvals.

-.~...... The. velocity distribution mayor may not be appropriate
to initiate boundary layers at eac~ s~ot if the slote
are narrow.

The effect of plaoing cuts or slots of various sizes
and spacings along flat-plate fins is being investigated
at present in the laboratory. Experiments aro also being
planned to determine the unit thermal conductance as a
function of the eXChanger length near the inlet.

Recapitulation of ~quations

The following criterion io presented tentatively
(turbulent ragima establishad in the boundary lRyers):

1. ~or 0 < x ~ 4.4D

. (a) The local condu~tance f c x at the distance

x is oxpressed by oquation (11)

'.

(11)

(b) The average conductance f Ct for the length

x is given by equation (9)

2. For >x = 4.4D

(a) The local constant conductance f oD, expressed

by equation (12), is independent of the
distance from the entrance of the heat
exchanger. Thus
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(b) The average walue of f o for B len~th
greater than or equal to x = 4.4D is
given b7 equation (15)

r DLJf c = f ell + 1.1 (15)
D ....

where L is the length of the fi~ or tube. ~quat1ons

(5) and (6) can no~ be rewritten:

and

m 0·SS8
l:a

GaO. E'I .- D.. 1
I, 1 1 1 <.

Dao. [: 4.. + • L J ( 5:'1.)

.. :;)""]
I l + l l ~

• LL

(68,)
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-4.0
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from equation (12)..
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from equation (11)

,,,
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I ,x=4.4D
I'

o 4 6 8 10 12 14

Distance from pipe entrance. diameters

=====
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4.4D ~ x < total length

(average value)

4.4D

- -turbulent boundary layers

- - ..

from equation (11) (local value)

from equation (9)

< x ~

•

" " .....
..... ...
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•
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\
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\
\

\
\

\
\

\
\ ,

':lor

fox from equation (12)

f c from equation (15)

(local value)

(average value)
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Discussion of Previous H~ater Results

The sibnificant ratio of the heat-exchangor dimonsions
x/D = 13.4 for the distance to the ~oint of fully developed
fluid flow reported prev1o~sl~ (sge reference 3) va~ in
error. since it was derived b~ equating the ri~ht sines of
equatio~B (9) and (12) 1nsteBd of sq~ations (11) and (12)
as previously shown.

!:2~c.!~~~.!~~11l_!.!~E-~~_~~~~!.-~hus the e o n c Lr s i ona
re~ched (reforence 3, p. 23) concerning t~e method of ca]­
culRtin~ the rute of heat tr~nBfer from ~ 6-inch-lon~ ft~
ara p~rtly in error. It Was stpted tbat since the rRtio
of LID uas less than 13. 4 tho f o fro~ equntion (10)
(using L) yielded tho co~rect heat flov; ~~erens the uoe
of equation (9) (using D) yielded lHIRt-i"lou r."Ites RbO'\.1t
3 ~ercent below th~ measured rQtes. For t~e 6-inch fins.
the ratio of LID Yas 10.9 for tho ventilating air aida
and 7.S for the exhaust ~as si~e (arithrn~tic aV6raG~ is
9.3). Tr.ese rl'\tioB then are ('r~fi,t9r thnn LID = 11.4;
hence eouation (15) should have been us~d. B~ using the
arithmetic· averace LID = 9.3. tbe ~ul~i~lior

r D'
_1 + 1.1 ~ i becom9s approxlmBtel~ 1.12, or a correction

of 12 percent over that \fLich Was obtain'?d by usinfl; f cD
alone which yielded low rRtes of he~t transfer by 3 ~er-

cent. Thus the predicted r~tos of he~t transfer uould
have bean 9 percent above tho w&asured vRlue. ~h~t, th~se

prec'Uctions were hiGh Jilay be eT.~1a.1110d in part 'by the
probable ineffectiveness of the slots placod at 6-!nch
int.lrvals alonr' the fina, since oul:- a SIilA.ll e.l'\:r. (l/lE
inch) w~s usod. (3ee oonclus~on 4 Oll p. ~S of rcf9rc~ce 3.)

The predicted results of the hpat flow from the 52­
inch fins (see reference 4) are not, however. Bppr~ciably
affocted, since tho correotion factor in eq~ntioa (15) iR
only 1.014, which means only a 1.4-nercent error.

A1:aa§ax~b_iQ£_2_b§&t§x.-The ovcr-~ll ther~Rl con­
ductance of the Airese~~c~ no. 2 honter ~eBc~l~ed in this
report ha s been rec~lc".lR.tad 'l'.sin6 equation (15). Thus
------------------------------------------------------------
*The correct result ~!ould b'J obtained by correcti~:w tr.e
f c on the air and ~as sides b~ tho corrD9pondin~ v~lues

of LID and recom~utin~ the over-all conN~ct~nce u.
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equations (5) and (6) are rewritten ae

.~ - . -
. G' 0.8

t c = 5.56 X 10- 4 Ta
Oolilge a

(1 + 1 IDa \
a D o.s . L)

a

and

5.56 x 10-4 'T I). C! 9 e
GO. B

I
l.l~)t c = f . 1 -I:g g D o.a \«

(5a)

(6a)

81

The previous measurements of. heat t~anBfer on the
larger Airesearch ~o. 1 heater wore u3Ad to compute the
thermal effect of the tapered end sections by subtracting
the predicted over-all thermal conductance of th~ full­
fluted cent~r section from the total ~~nductance derived
from l~boratory &~&surements. However, equations (5a)
and (6a) v~re used to predict the conductanc~B in the
full-fluted center section inetend ot tho analo~ous

equations (5) and (6) yithout tho multiplier (1-+ 1.1 D/L).
~he con1uctBnce of the ands, w:lich are ~ractically the
BeClS as tbo~e on the smaller Alrosearch no. 2 unit •.was
found to vary in the following manner:

Wa I (UA)€nd~
(lb/hr_)_J__(:Btu/hr OF)

3000 " I 70

5000 . I
6000 J'- 85

The over-all conduotance of the Airesenrch no. 2
hdeter was then found bJ addin~ the cOLductance for the
uniform full-flutod center Bection pradictad for this
haater by maa~s of equations (4), (5a), a~d (6a) to the
value of (UA)ends for the larger no. 1 ha~ter evaluated
at the corresponding air rate Va from the tc~le above,
using the approximate equation (7)
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The resulting magnitudes of the over-~ll thermal
conductance usiu~ equations (4), (5a), (6a), and (7)
are within 1 or 2 ~ercent of those derived from the use
of equat"ions' (4). (5).' (6).' and (7). 'shololn in fig. s,
which do not take into acconnt the LID effect in t.be
full-fluted center section.

Rovever, the use of equations (5a) Bnd (6a) y1~ld8
vBlues of UA alon~ the center ful1-flute~ section*
which are 3.2 ~ercent high~r for the lar~e AireB~arch

no. 1 heater and 6.4 ~ercent hi~h~r for the smal1pr
Aire~eBTch no. 2 heater th~n is ttoe v~lu~ ~f U~ ob­
tained by use of e~u~tions (5) and (6). ~he mett-od
used in this report for estRblishinp, the he~t flo~

through tbe tan9red ends of the he~tpr tb~rpfore Uoasks
the variations of UA, caused by u s e of the h"o forms
of the equations for f c alonr th~ ce~t~r sActions of
tbe beater. That iq, the dif!prpnn p in th~ v~lup~ of
UA for the center section of tbA l~rre no, 1 heatpr
resultin~ from use of th~ t¥o forma of th' ~qu~t1on8

for f c is absorbed in the t~~er~d rnd correction (U')pnds
and carri'ld tbrollyb to the c a Lcu I •. tion for tr.i· sl"",11pr
n~. 2 heater. Tbi3 dlfferpnc~ doeR not th~n ~nnr~r in
the final valu'" of Uk •.

Ai~~8~~~cb_ng~_~_hBa~~~.-For the larr~r Airns"'nrch
no. 1 r.eat.>r the use of "!qufLtions (51\) Ji-nd (6fL) in thf'
computation of 't:,A, (se F' r~ferenc"" 1) v ou Ld hav e d"'crpas"'d
the discrepancy betw~en th~ mA&surpd Bnd predictpd values
by about 3 perc~nt. (The dtscr~rancy renortrd ~BR as much
as 18 perc~nt.)

§21!~_f1~~f~=~~E~_h!~~~~.-Fer th n Solar flut~d-t~~

heater (se~ also r afcrenc'3 1) the rl\tiu of LID "as q,bout: n-
15.0; hence the multiplier 11 + 1,1 L:= 1,073. This

f~ctor used in equations (5a) and (6fL)·~ould have r~duced
the discrepfl.~cy betv~en the pr~dictpd Rnd meJ\s~rnd mnrni­
tudes of UA from I\bout 20 percent to about 13 ~~rcp.nt.

*For the full-fl~tad c~nt~r qections of the Air~Brq,rch

heaters the m~gnitud~ of LID for the lq,rre DO. 1 he~tar
is 34.0 and for the smaller no. 2 he~tp.r it is l7.~.
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TABLE 1.- AIRESEARCH'" FLUTED..:T!'(PE HEATER -2

AIR -SHROUD OPENINGS ON SAME 'SIDE

, >

HEATER. OVERALL
• AIR SIDE • -.;-- EXHAUST~GAS SIDE- TEMPS: PERFORMANC

1Q., 14z. AT.;: Wa. L1P~ ~a 1;, 1$z fiTs W.s .~p~ I ~g
'b9 t·* t + '{1~' (UA)
'6Q.

. I 2

Rloln Ib Inche, KBtl.l. of Ib Inches ~ Btu.·F of of
hr 1ir

of of ""fir
. OF of of hrOFNo. HaD HaD hr-'

, .
/ 97 .358 26/ 4000 /2.0 252 /4/1 ·/3l.J ..38 7690 7.08 tJO.O 0.32 1M 616 1160 2/7

l 97 378 28/ 3400 9.00 23/ /420 /38.5- .3S 7140 7.30 74.6 (J...3l. 440 667 1/60 /95)
· .

3 97 4/0 3/3 2700 6.10 208 /4// /.368 43 7690 130 9/.0 0:45 :484 718 11.30 /84
· .. ..

4 gs 400 305 27S0 6./0 203 139tJ /355 4.3 72.30 6.65 BS.S 0.42 >49.3 . 697 1130 /82

S 95 358 263 3400 9.20 2/7 /394- 1320 74 72.30 6S0'- 147 0.68 4/3 624 //30 192.

6 93 333 240 4/00 12...3 238 1390 /360. 74. 72~O pflS /47 0:62 '37.3 . .f8/. /1.40 209
....

. . . . .
7 89 3/9 230 4/00 6.25 226 /403 /2tJ2 /2/ S94<J..4.4S /.97 0.87 346 ..541 1/30 202

· .
8 89 344 255 3350 8.75 207 /394 /32S 69 S!)4/J 4..5/ . /1.3 0.65 ·386 58/ 1140 182
.J) 89 377 288 2650 6.00 /CJS /385 /312 7.3- S.!)40 4.60. '//9: a6S 4-.31 64/ /I/O /67. ,

, .

10 .90 430 340 2000 367 /64 /424 1368 . 56 5~1S 4.74: :9/:4 Q56 s/.!) 748 .1/l0 /46

/I 93 395 302 1950 3.60 /42- 1420 /3.36 82 42..30 2.70 95.4 0.67 448 654 1120 127

12 89 347 2S8 2640 590 /6S /398 /.3/2 86 4230 2.70 100 0.'60 377 572 //30 146

/.3 86 JOtJ 222 3440 8.90 /8S 1385 12tJ2 /03 42..30 2.60 120 0.65 328 SOZ //.30 164

/4- 85 284 1.99 4200 /2.4 203 1408 /.3/2. 96 42..30 260 1/2 065 2.92 466 117S /73

* Arit hmetic overage of three surface temps. measured near exhaust- gas inlet to heater. (see Fig. 6 )

.. II outlet to heater. II II ..

N.'
en



TABLE JI.- AIRESEARCH FLUTED-TYPE HEATER-2

A I R - SHROUD OPENINGS ON OPPOSITE SIDES

HEATER OVERALL. AIR SIDE . - EX HAUST- GAS SIDE I TEMPS. PERFORMANCE

Ru.n
,

ill; .1P~ 'lg t,* tz' ~~ (UA)~, 'cu. l1TCL WQ. LlPCL I ~~ Ig, '9& W,g ~g
CJ4.

No. OF of of Ibs Inchrs KBW of of of Ibs Inches ~ of of of . ~
"fi( HaD hr 1ir HzO hr hr"F

29 104- 362 258 4150 /2.3 259 /407 /368 .39 79/0 7.00 85.0 0..33 39/ 672 1150 22S

30 104 380 276 .3580 9.65 239 1415 1.J6CJ 47 7940 7.00 10J 0.4.3 414 7/7 1/45 208
/ /00 422 322 2770 6.20 2/6 /424 1364 60 7940 7.35 /31 0.61 49J 815 //2S /92

32 IOZ 37..3 Z71 2770 S95 /82 /420 /360 60 4490 2.60 74/ 0.4/ 400 67"!- 1/45 /59

33 9{J J.j2 2.34 .3560 9.05 202 14/5 1334- 8/ 4490 2.S0 /00 aso J4/ ..5"89 1/60 /74

4 96 3/1 21S 4290 /2.2 22.3 1403 13/6 87 4490 2.50 108 0.48 ,JO/ 527 IIS0 /94

.3

heater. ( ..e Fig. 6 )* Arithmetic average of three surface
• N n II II

temperatures measured near
II II

exhaust-gas Inlet to

" ".outlet" " II II
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TABLE III

AlRESEAROH FLUTED-TYPE IrEATER NO. 2

PRESSURE DROP DATA

Measured Predicted Measured
isothermal non- non-

Run W G pressure isothermal isothermal Tl T.;a Ta
drop pressure pressure

t:;p drop dropTi so 6P 6P
(l'd/hr (lb/sq ft)

(lb/hr ) sq ft) (Tiso=5600R) (lb!sq ft) (lb/ sq ft) (OR) (OR) (OR)

Air Side (air-shroud openings on same side)

14 4200 23,300 47.5 62.6 64.2 545 7411- 645
5 3400 18,900 33.5 48.0 47.8 550 811 680
3 2700 15,000 21.6 32.8 31.5 557 870 713

10 2000 11,100 12·3 19·1 19.0 550 g90 720

Air Side (air-.shroud openings on opposite sides)

34 4290 23,800 54.5 74.1 63.5 556 771 663
33 3560 19,800 39.0 53·9 47.0 558 7"92 675
31 2770 15,400 24.6 37.8 32.2 560 882 721

Exhaust Gas Side

3 7690 35,900 9.50 33.4 37.9 1871 1828 1849
6 7250 33,900 8.60 27·3 33·3 1850 1776 1813

10 5915 27;600 6.10 21.2 24.8 1884 1828 1856
14 4230 19,800 3.50 10·3 13·5 1868 1772 1820

These entries are taken from plot of 6Pa against Wa or 6Pg against
Wg, since actual isothermal measurements were at slightly different fluid
rates.

(8)



Figure 1.- photograph of heater test.tand.

.......
GQ
•



NACA rigs. 2,3,4,5

Figures 2 and 3.- Photograph of Airesearch No.2
heater.

Figure 4.- Photograph of
heater in

test stand with air­
shroud headers in normal
position.

Figure 5.- Photugraph of
heater in

test stand with air­
shroud headers in reversed
position.
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NACA Fig. 7
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Figure 7.- Thermal output of ~ireBearch No.2 fluted-type
heater as a function of ventilating-air rate.



NACA Fig. 8
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NACA Fig. 10
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Figure 10.- Pressure drop on air side of Airesearch No. 2 heater as a
function of ventilating-air rate. (Air-shroud openings on

opposite sides.)
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