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P THE EXHAUST—AIR HEAT EXCHANGER

By Richard Jackson
SUMMARY

As a part of a comprehensive investigation of a thermal
ize—prevention system for a (—~46 cargo airplane, an exhaust—
2ir neat exchanger has %Yeen degigned, constructed, and flight—
tested at the Ames Aeronautical Laboratory. The research was
undertaken %to provide the (—-486 airplane with a satisfactory
source of heated air and te continue the development of the
heat exchanger as a part of thermszl ice—prevention eguipment.

The results of the heat—cxchanger testes indicate that
the required thermal output 2and desired air—temperature rise
have bveen achieved and that the exchanger is suitable fer

uee in the 0—-46 airplane.
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This report is the second in a series which describe a
cemprehensive investigation of a thermal ice—-prevention sy
for a C—-46 szirplane, The establishment of data on the desi
¢f the exhaust—air heat oxchanger has been undertasken as an
important part of the investigaticn of the thermal ice—
prevention system. In the investigatien of the equipment feor
the C—46 airplane, addiitional information was scught on de—
sign and construction methods and the reliadility with which
the exchanger performance can be predicted from calculations
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The compcnents and arrangement of the C—46 airplane
ipment of which the exchangers are a. part are shown in

equ

figure 1. The required performance of the exchangers was
established in the analysis of the system which is described
in reference 1. Flight tests of several exchangers at the

Ares Aerocnautical Laboratoery (reference 2) and an extensive
laberatory investigation by the University of California
(references & to 1C) have indicated that a plate—type cross—
low exchanger may be employed as a practical source of heatcd
air for thermal ice—prevention eguipment, and have established
important theoretical relaticnships for predicting the ex—
ciianger performance. Although considerable design informaticn
on Giffusers and bends in ducts was found in the literature,
very little information regarding the design of converging and
diverging bends, which are necessarily associated with the
inlet and outlet headers for cress—flow heat exchangers, was
available, Therefore, it was necessary to emplov a design
procedure which would recsult in effi ulent headers for use
with the heat exchanger.

i

b}

ne purpose of this research was to design, consirvet,
and tes a plate—type cross—flow heat exchanger, complcte
with inlet and outlet headers, which would satisfactorily
meet the requirements of the thermal ice—prevention srstem
of the C—46 airplane, as described in refercnce 1,
This investigation has been undertaken at the reaq:
of and with the cooperation of the Air Technical Servi
Command, Army Air Forces Acknowledgment is given to
valuable assistance venderrd the Ames Laboratory by th
Solar 1rcr°ft Corporation in the fabrication of the e
changer 2nd exhaust—duct parts.
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A cross—sectional free area, square feet

Ty specific heat of fluid, British thermal unit per pound,
- degrée Fahrenheit

d fluid passage gap, feet

Dg equivalent diameter of fluid passage, feet

Kol

f friction factor for fluid flow
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gravitational acceleration (22,2), feet per second,
second

weight rate of fluid flow per unit cross—sectional
area (W/A), pounds per hour, square foot

surface heat—transfer coefficient, British thermal
units per hour, square foot, degree Fahrenheit

thermal conductivity of fluid, British thermal unit
per hour, sguare fcot, degree Fahrenheit per foot

constant, or factor

over—=ll passage length, feet

effective passage length, fest

no—flow dimension, feet

aumber of fluid passages

Nusselt number (hDe/k)v

pressure, pounds per square foot

pressure difference, pounds per sguare foot

dynamic pressure, or velocity head, pounds per square

foot
rate of heat flow, heat output, or enthalpy change,
British thermal units per hour :

zas constant (%3,3), feet per degree Fahrenheit
Reynolds number (GD./u)

heat—transfer surface area, square feet
temperature, degrces Fahrenheit

tempernture ¢ifference, degrees Fahrenheit

absolute temperature (t + 450), degrecs Fahrenheit
absolute

A
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i, 2, 3, 4, 5, and 6 refer to stations shown in figure
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over—all heat—transfer coefficient, British thermal
unite per hour, squore foot, degree Fahrenheit

weight rate of fluid flow, pounds per hour

specific weight of fluid, pounds per cubic foot

mass density of fluid (Y/g), slugs per cubic foot

absolute viscosity of fluid, pounds per hour, fooct

cripts

average conditions
core

cross flow
expansion

surface friction
gas side

inlet conditions
logarithmic mean
momentun
free—stream conditions
outlet conditions
total pressure

static pressure

ARALYTIO LESIGYN COF FEAT-EXCHANGER CORE

"The reneral arrangement of the thermal lce—pre
em proposed.for the C—46 airvlsne is shown in

pd
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The configuration of the engine—exhaust system prescribed
the use of four heat exchangers, and the experimental nature
of the investigation demanded an installation which involved
a minimum of alte“Ptlo 1§ to the airplane. Therefore it was

decided to install the heat exchanzers on the airplane as
shown in figure 2. Thls location of the heat exchangers
arbitrarily fixed the allowadble core dlwenslons approximately
as follows: gas—passage length — lq nches, air—passage

length ~ 10 inches, no—flow dimension — @ inches. The loca-
tion also restricted the choice of inlet and outlet headers
for this installation,

b;-

flat—plate—type core was chosen primarily for nero-—
dvnarmic reasons. Frevicus experience hrad shown that low
hir—gide pressure losses were of utwmost importance, and since
e ratio of useful to nonuseful losses in a flat—plate—type
core is a maxirum, this type was chosen as that which would
have the lowest corec—pressure losses for a given rate of

heat transfer. Other factors considered in chocsing a core
type for the C—46 airplane exchanger were as follows! the

he flat—plate type is reandily designed arnd fzabricated; thre
ios of hreat output to core size and welght fer thig type
rpare favorabdly with those of other tyypes (reference =)
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although very little service life data were available,

existing data indicated that the service characteristics
a well—designed, flat—plate exchanger would prooab’v be
isfactory. '

-
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The thermal ice—prevention equipment for the C~46 air—
plane was designed for conditions which exist in long—rancgc
cruising flight at a pressure altitude of 18,000 feet. This
criterion has been used with success in the design of similar
equipment for other airplanes. Preliminary tests were mada
with the unmodified airplane at Ames Laboratorw (reference 1)
to establish pressure—distribution data at this flight con—
¢ition, necessary for the design of the wing and empennage
equipment, During thesc tests it was found that the engines
were operated at 2000 rvm and 29 inches manifold pressure anc
that the indicated airspeed was about 1855 miles per hour.
The exhaust—ges temperature, measured just ahead ol the pro—
posed heat—exchanger location, was approximately 1600° F,
Calculations based on the engine displacement (280C cu in.)
indicated that the weight rate of exhaust gas per heat ex—
changer would be approximately 3200 pounds per hour. The
results of an analysis of the thermal reguirements of the
wings, empennage, and windshield (reference 1) based on the
pressure—digtribution data obtained in the adbove—mentioned
teste showed that each heat exchanger should be capable =f
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raising the temperature of 413C pounds of air per hour from
0° to 300° F resulting in a heat output of 300,000 Btu per
hour at design conditions.

The most important single facter affecting the heat—
exchanger design was the restriction that the over—all
air—side pressure loss of the entire system must not exceed
the free—stream dynamic pressure., Cempliance with this

restriction eliminated the need for auxiliary air pumps in
various parts of the system. It was obvious that a small
amount of additional ram wculd be obtained by locating the

air scoop in the propeller slipstrean aud it was probable
that a small negative pressure would occur in the region in
which the air left the wing. These unknown faciors were

not considered in this design but were looked upon as pro—
viding a margin of safety., The free—strean dynamic pressure
at the design speed of 155 miles per hour is about 60 pounds
per square foot. Of this availadle ram, one—half (30 1b/sq
ft) was arbitrarily considered the allowable air—side pres¥
sure loss of the heat—exchanger installation, which includes
the inlet header, exchanger core, and outlet header. It

was further arbitrarily assumegd that the a2llowable pressurc
logss of ezch of these three components of the exhanger in—
stallation was one—third of the total, or 10 pounds Dper
square foot.

1

']

The increment of engine—back pressure added by an
exhaust—air heat exchanger is relatively unimportant unless
this value becomes so great as to cause a material reduction
in engine power. The allowable value of this increment 1is
dependent upon the particular engine—exhaust svsten involived,
and as vet no suitable method for determining the allowable
gas—side pressure drop of a heat—exchanger installation hae
been established. In the absence of a definite allowable
value, therefore, it was decided to make the gas—side pres—
sure drop of the exchanger core as low as was reasonably
possible. '

The design conditions wkich have been estavlished a2bove
are summarized in the following table:
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Pressure altitude . + o & + « o o s o + .+ & - 18,000 fect§
Indicated airspeed « + +« « o » o &« + « . 105D miles per hour :
Heat output - + o o« o « « &« « « « » o 500,000 Btu per hour
Air _sigde Gas side

Flow rate, 1b per hrO, v e e s e e s e 4130 32C0
Inlet temperature, F oo v o o ¢ o 0 1800
Outlet temperature, °F . . e e e 300 ———
"licwzble pressure drop:

Cver—sll, 1b per sq ¥t . . . . . 30 —

Inlst header, 1b per sg ft. . . . 10 s

Core, 1 pef sqg £t -+ .+ « « « « & 10

Outlet header, 1% por sg ft . . . 10 —

Typical air and gas passages assumed for the analytical

™y

design of the heat—exchanger core are shown in figure &, Th

Gy

procedure followed in the design was a trail—and—error procebs
in which valuss of IL',, L'_,, 4, and dg (fig. &) were

-
assumed, substituted in the T

ollowwnf heat—transfer relation—
ships, and adjusted as naccssar
ips

v to ¢htain a hsat Dbdlancse,

The heat—itransfer relations used were taken from refer—
ence 11 and are listed be;ow.
Q=Wa CPg Bta - v o . . - ¢ Airegide enthalpy change (1)
Q=W, ¢ At . . . « « + . . . Gas—side enthalpy change (2)
&€ "Pg £ £
 =U S &%y « o o v v v o e Over—all heat—transfer rate (%)
1
U = e + « o« +. +« o GCver—all heat—transfer (2)
1/h, + 1/hb_ coefficient ’
(The thermal resistance of the metal 1is is
negligible.) .
Yu = hD [T o 0.8 o - —
Mu= hDe/k= 0,02 Re « « +« « DNusselt number (8)
h = Fu ..L:/De e ¢« ¢ + 2 < « o« o+ BSurface heat—transfer (&)
coefficient )
i _ — _ \
(tgln tair) (tgout &out’
Lty = Kep Logarithmic mean— (7)
lOge(tF ~ty )/(te —-t, ) temperature
“in in Sout out difference

¢ ms .
\The crose—flow correction factor KCF was assumed
equal to nnity )
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Relationship 5 is strictly applicable only to the turdu—
lent flow of gases through round tubes, but has been proved
satisfactory for tubulent flow through rectangular channels

. . . n 4 x free aren ) 4
when an equivalent diameter D4 = - is used,
' wetted perimcter

When a heat balance had bYeen cstadblished, the zmssumed dimen-
cions then were used to determine the pressure drops in the
system by means of the following relationships:

4L L
APF = fav Uy 5; v e . friction total-pressure dreop (1)
Apgy = Kga, + +« .« . . . . expansion total-pressure drop {2)

(1=Ac/hs)

« « « « . expansion factor (2)
Ap, = a,— Qg =+ » - » - . momentum total-pressure drop  (4)

(The entrance contraction loss was assumed to be nesligible.)

These relationships were slso based on information found in
reference 11, but have been revised to suit the nomenclatur
of this report. The air—side momentum pressure drop (Apm>
ig the result of 2 transformation of energy and is not )
neccssarilv 2 loss of total head. It may¥ be regained in the
form of total pressure, provided the air is cooled to its
original temperature at the same Reynolds number. Although
it is probadle that Ap, is partially recovered in the

system aft of the heat exchanger, it is slightly conservative
to consider it as a real loss of total head. OCn the gas side
the momentum change results in a gain in total head, bdut
generally the magnitude of Avp is insignificant when ¢
pared with the over—all pressure change. Thke procedure
described above, and used in the analvitical design of the

cat—exchanger core, is illustrated in the sample calcula—
tions given in table I.

The design calculations resulted in the choice of a heat—
exchanger core consisting of 19 air vassages with 3/16~inch
caps and 18 gsos passages with 1/4—inch gaps. The ovvr~all
gas—passage length, =ir—passage length, and no—flow dimmension

of this reat exchanger were 15 by 9+ by 8~ inches, respectively.
&<

The calculated kerformance of this heat~v,changer core sl
design conditions was as follows:.
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Heat output — 325,000 3tu per aour

Air—temperature rise — 328° F

Air-side total—-pressure drop — 12 pounds per sguare foot
Gaes—side total-pressure drop — 22 pounds per sguare foct

A wood mock—up of this heat exchanger (figz. 4) was con—
structed for the purpose of verifying the air-side pressure—
drnp calculations and alsc for use in tests of several air—
inlet and -outlet headers, The peculiar plan form of the
heat—exchanger plates was the regult of an arbitrary choice
snd has little justification except that this plan form was
iightly more adaptadle to the C—48 airplane installation
kar an equivalent rectangular shape. Values of iscthormal
vir—gide pressure drop measured in tests with the wood sovcik—
uy were in close agreement with the predictions for the hcet
exchanger, and it was concluded that the pressure—drop cnl—
culations were satisfactory. The next step in the design
procedure was the construction of an exchanger ccre fronm
g¢ld~rolled—stcel sheets (fig., 5), Cold-rolled stecl was
uscd because stainless steel was not availadle in sufficient
guantities at the time, and also becamuse this exchanger was
to be used .only for test purposes and consideration cf the
service 1ife was relatively unimportant. This exchanger was
tested isothermally in the laboratory and noniscthermally
flight on an 0—-47A airplane, The results of these tests, _
which have been reported in reference 2, indicated that the
design procedure used herein was satisfacitory, and at the
same time disclosed certain structural weaiinesses in the cx—
changer core. These wealknesses are described in the section
under Preliminary Tests. 4An analysis of the test dwua T a—
vealed that the air—side and gas—side pressure drop could be
reduced slightly by omitting two air and gas passages and
expanding the remaining passage gaps to fill out the originsal
over—all dimensions. The e¢ffect of thiz modification on
heat ouput was a reduction from 325,000 fto 300,000 Btu psr

(S

hour. The revisions suggested by tbc test results for th

e
it
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[S

heat exchanger, model 1, were incorporated in a revised de—
sign, model 2, which is shcocwn in figures 6 and 7. ZFcur heat
exchangers were constructed ags shown in figure 6 for the (—46
airplane,.

SELECTION OF INLET AND OUTLET HEADERS

There was no simple design procedure to ba
the selection of the inlet and outlet headers for the hent

A
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A

exchanger installation on the C—46 airplane. Considerable
data on constant area turns, straight diffusers, and on
diffuser—-resistance combinations were found in available
literature, but there was a scarcity of data on diverging
and converging turns which are necessarily a part of the

in iut and outlat headers for a cross—flow heat exchanger.
LTUnUTAOI e, bae size and share of the headers were limitcd
by the ¢ocat10n of the exchanger core on the airplane. It
was decided, therefore, to use the existing data on turns
and diffusers as a guide in determiring the approximate
shape of ths headers that could be used in this inst-~llation
and then to resort to laboratory tests for the Tinal selec—

+

ticn.

hJ

A skeleton mock—up of the¢ engine nacelle, back to the
Sront spar of the wing, was constructed and the mock—up of
t2e hest—exchanger core was installed in its proper location.
It was found that the core could be mounted in such a manner
that the sir—side henders neced to turn the air only through
approximately 45° instoad of the anticipated 900. The =
proximate size and shape of the air—inlet hender were
mined from the mock—up, and .several possidle mir—side
henders werc constructed. These were L”ted isotherm
in conjunction with the core mock—up And it wnas found t‘qt,
owing to the particular location of the core, most of the
turning occurred in a region of very low velocity (27 ft/sec
at design conditions) and consequently the turning lozses
were smnll, Therefore, it was necessary only to choose a
rcasonable expansion angle and on inlet area which would
afford a reasonable inlet velocity ratio. The use of turn—
ing vanes in the inlet header, although desirable from the
viewpoint nf insuring an adequate supply of coecling oir to
the hot upstream end of the heat—exchanger core, was €. ir
nnted because of the undesiradble complications invoived in
kecping the leading edges ¢f the vancs free from ice, Thus .
since the actual shape of the inlet hender was not very
critical, the shape finally chosen (fig. 8) was determined
Trincipally by consideratiocns such as the necessity for
cooling the ball joint and for locating the header entrancs
at a sufficient distance away from the nacelle to prevent
the low—velocity boundary—laver 2ir adjacent to the nacelle
surface from entering the irlet header.

The sclection of an air—side eutlet header was more in—
volved. From the nacelle mock—up it was at first decided
to lead the air from the heat exchanger into a duct extend—
ing through a fire wall. & plaster of paris mold for the
outlet hcader was formed in the mock—up with as reascnable a
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shape and bend radius as possible. A shcet—metal header wa
patterned 2fter this mold and is shown as outlet 2—4% in Tig-
ure 9. This header was tested with z2nd without turaning vanses
(outlets 2—B and 2—A, respectively, fig. 9). The pressure
loss of the header without vanes was less than that with
vanes and was well below the allowable loss (3.5 1b/sa ft
at standard sea—level conditions) and therefore was congl
ered satisfactory. The vanes used in outlet 2-3 were nol
designed but were chosen arbitrarily and this is probarly
the reason they added to the head loss, However, since
they were unnecessary, no attempt was made to improve then.
Although outlet 2—A was satisfactory for the first proposed
installa »tion, conqiderations involving revisions to major
structural members in the nacelle and ef relocating equip—
ment housed in the nacelle made it desirable to duct the
air nlong the outside of the nacelle to the wing leading
edze., The outlet header was, thersf ore,”*cvis ed to meet
this new requirement and is shown as outlet & in figure 9.
Although outlet 3 hnd a higher air—flcw resistance than
oa»lets 2—A and 2B, the resultant pressure drop was only
slightly above the allowabls value &nd further improvements
were curtailed by a lack of time.

The location of the exchangers (fig. 2) allowed little
choice in selecting the gas—side headers. The gas—side in—
let header was merely a trausition from the 8—inch—diameter
ball joint to the Si— by 9 s—inch cross section of the ex—
changer core, Thec shape of the exhaust outlet (figs. 2 and
8) was determined as follows: A plaster mold of the ocutiet
was formed in the mock—up of the nacelle and was s
as to duct the exhaust gas away from the cxch“nger core into

the free—ailr stream in as short = path as possidle. t was
necessary to curve the mold outward to circumvent structural
members in the nacelle, and the cxit area (0.17 sa ft) was
chosen to coincide with the exit area of the original exhaust
stack, The dies for forming the exhaust outlet were prt—
terned after this plagter mold.

STEUCTURAL DESIGN AND FABRICATICN OF HEAT EXCHAEGER

Previous experiecnce with pla e~type heat exchangers
indicated that the plate mnaterial should be either stabilized
stainless steel or Inconel., A minimum metal thicknegzs of
0,032 inch wns selected to allow for thinning in the drawn
parts of the plates. It was decided to draw heads, extending

'
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into the air passages, into the plates to act as plate st
eners and air—passage spacers. The beads were piliaced
air passages parallel to the air flow to minimize the =
side pressure losses. The ga s—pasqage gap was to be na
tained by meens of dimples drawn into the plates and ex
ing into the gas passages. These beads and dimples are
illustrated in figure 5. The leading and treailing edsges cf
the air and gas passages were beveled and 2 3/8—inch flansge
was left to provide a means of joining the adjacent plates.
The corner, construction is shown in detail (b) of figure 6.
The overlannlnv tabs on adjacent plates shown in the detai
were used to provide additional strength in the corners.
Steel dies were used to form the plauou, as described above
The leading edges exposed to the gas stream were provided
with 0.043—inch abrasion caps (detail (a), fig., 6) to pro-
tect the plate edges from excessive wear and corrosion
czused by solid particles in the high—velocity gas stream.

-

u.
]
ot
)
O

The plates were assembled into a heat— —exchanger core
in the following manner:

adjacent plates were welded together

f overlapping spot welds, thercby

e alir passage,

2. The flanges in the gas stream then were spot-welded
with overlapping spots and the overlanping tabs
were welded together,

3. The gas—side leadine—cdge abrasion caps were spob—
welded in place,
4., The individual air passages then were welded to—
gether along the air—side leading dg es.
Overlapping spot welds were used here algo.

5, Flame welding was used at all points not spot—
welded and also was used along all the leading
and trailing edgzes tc reinforce the spot welds,

4

The weight of the heat—exchangser core when completely as—

sembled was .5 pourau.

The gas—side inlet and .outlet headers were fermed on a
drop hammer. ZEach was for red in two halvee from 0,040—inch
stainless steel and the halves were flane—welded together,

The complete headers tnen were flame—welded to the exchanger
core, The air—side inlet nnd outlet hesders were hand—worke

A
Lo
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The inlet header was nmacde from 0,032—inch, 354K aluminunm
shoet and the joints were fastened with countersunk aluminun
rivets. Ths outlet header was mnade from 0,020—inch stain—
less steel and was flame—welded at the 3 oints., The air—sgide
headers were attached to the exchanger core dy means of salf-
locking plate nuts as shown in figure 2. The inlet and out—
let headers used in the heat—exchanger installation con the
0—48 airplane are shown in Figure 8.

PRELIMINARY TESTS

Eeat exchanger, model 1, was tested isothermally in the
laboratory =nd nonisothermalily in flight on a North American
0—47A airplane., A description of these tests has been re—
ported in detail in reference 2, in which model 1 was desig—

nated heat exchanger 48, The plates of this exchanger buckled
severely within 10 hours of flight, and thereby indicated that
the plates should be reinforced in the gas—flow direction.

3
oy

cerefore in the revised design, model 2, longitudinal hat
fctﬂon stiffeners, made from 0.025—inch stainless steel were
spot-relded to each plate of the heat exchanger as shown in
figures & and 7, The dimples usecd in the previous models
were omitted in model 2 as the stiffeners also served as the
gas—passage spacers., Heat exchanger, model 2, was not tegted
isotherrmally Dbut was tested in llght on an 0—47A airplane.
The installation used in the tests of this e¢xchanger on the
0—474 airplane is shown in figure 10, The procedure followed
in the flight tests was the same as that used in the tests of
model 1 and is described bdbriefly as follows: During the tests
0t 5000 feet level flight was maintained and the engine power
was held constant at a value which corresponded to a gas—flow
rate of approximately 3300 pounds per hour. The fuel-alir
ratio was adjusted until the indicated gas temperature at the
gas inlet header (station 6, fig. 10) was steady at 1600° F,
The air—flow rate was then varied in steps to cover 2 range
of fiows above and below the design value of 4130 pounds per
hour. Sufficient instrumentation, as indicated in figure 10,
was provided to obtain, at sach air—flow rate, measuremcnts
6f inlet and cutlet temperatures of the air and gas streams
cas—side static pressures at stations 6 and 7, air—side
:t vt ic pressures at stations 1 and 4, air—side total pres—
sure at station 1, and air—side total—pressure drop between
stations 2 and 3. In one flight at 5000 feet the engine
power was increased and the gas—flow rate during this test
was approximately 4400 pounds per hour. The same general
procedure was followed during a flight at 18,000 feet, ex—
cept that the gas—flow rate was limited to 2200 pounds per
hour by the capacity of the engine at that altitude,
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RESULTS AND DI3SCUSSION

Performance data for both heat exchangers,
and 2, were evaluated from the test results and ar
ented in figure 11. The values of heat ouput show
this figure consist of air—side enthalpy change

Wy Cp 4t,). The changes of enthalpy on the gas s

sistently ran about 15 percent higher than those on the
air side. The air—side total—pressure drop of the model 2
ptchan rer core was measured directly during the flight
ests. The over—all total-pressure drop for exchanger,
model 2, includes the duct and hezder losses between sta—
tions 1 =and 4 (¥ ig, 10) on the air side and between sta—-

tions €& and 7 on the gas side. The over—all valu for
exchanger, model 1, include similar pressure losses which

are defined in reference 2. The values of over—all total—
pressure drop were obtained in the following manner: The
total pressures at stations 1, 4, 6, and 7 (fig. 10) werc
determined by adding the calculated 4dynamic pressure

i W P .
(9 = | = RS at each station to the measured
\ | 36004 2gY /
static pressure at the corresponding stations. 'he total—

pressure drop was then obtained as the difference tetween
the total pressures at the stations involved. Although
this method is exact only when there is no change iu veloc—
ity distribution between the two stations, the errer caused
by such changes 1s negligidbly small, provided the flow is
turbulent throughout the path between the stations,

The excessive gas—side pressure drop shown in figure
11 for exchanger, model 2, at 18,000 feet was probably
caused by the particular installation used on the 0—473
rirplane., Although it is not shown in figure 10, the ex—
haust outlet shown in figure 8 was attached to the core
ard was enclosed by the tail pipe. The calculated grs—
side core and outlet—hender pressure drop amounts to ap—
proximately B0 peunds per square foot at a flow rate of
3200 pounds per hour a2nd at an altitude of 18,000 feect.
The value indicated by the test data is abeut 110 pounds
per sguarec feoct, The difference (5% 1b/sq ft) can be rea—
sonably attributed to expansion losses in the i header
and to provadle adverse affects in the region w e the gas
leaves the eut‘ et attached to the core sznd enters the 73—

inch—diameter tail pips.

-y ..‘

o
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A comparison tetween the measured and the calculated
heat output and air—side core tctal—pressure drop for heat
exchanger, model 2, is given in figure 12, A similar com-—-
parison fer the gas—side pressure drop was omitted because
the gas—side coro pressure drop was not measured. The maas—
ured heat output and core pressure drop at an altitude of
5000 feet are in clogse agreement with the calculated values,.
The gscattering of the measured pressure—drop data at 13,CCO
feet is inexplicakle, dut ever with the scattering the tast
points are sufficiently close to the calculated curve to

indicate that themethod of calculation is satisfactory.

The heat output data measured =zt 500C feet with a gas—
flow rate of 44C0 pounds per hour were plotted in figure 12
for comparative purposes. The dats indicate that when the

QO et
.
S

cas—flow rate is reduced from 3300 to 2500 pounds per hour
the reducticn in heat output is emall] yet when the gas—flow
rate is increased to 4400 pounds per hour the heat output is
noticeably increased. The geometry of the heat—exchanger
cere is such that the unit thermal conductance is increased
perceptibly by increasing the gas—flow rate above the design
value, but is reduced only silightly by an equivalent reduc—
tion below the design walite, Therefore, it may be expected
that during a let—down at reduced power, while flying in
icing weather, the heat output from the exchangers will re—
main sufficiently high to affcrd adeguate protecticn,

It is notable thet the thermal porformance of the heant
exchanger is practically uwnaffected by chanrges in 2ltitude
when the fluid—flow rates are maintained. This phencomenon
is readily explained by the fact that the important fluid
properties invelved in the heat—transfer relationskips
(cp, w, and k) are affected dbut siightly dy pressure
changes of the order encountered, and %that the chamnge in
average temperature with altitude is too small to affect
materially the values of these fluid properties or the value
of the logarithmic mean—~temperature difference., OCn the
other hand the effect of changes in altitude on pressure
irop at constant fluid-flow rates is very marked, The pres—
sure drop of any component part of an installation varies
inversely with the density ratio applicable to that partic—
ular. ©part. If, for example, =2 =nd b denote flights
1t different altitudes bdut with the same fiuid—flow rates

and if (Apc)a = (APF)Q + (APE)a + (qout - q

drop in total pressure of a heat—exchanger core at flight
condition a, then at flight ceondition b

~
P
n
(S
o g
1
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(Pay) (Poyt )
(ap,), = (bop) P (bp) ooy
o a (pav)b & Oout b

r (pout) (pin)_ A

* ‘_( out :;; = (aq 1n a (‘ TEJ

The change in Reynolds number, and therefcre the fricticn
factor (f), with temperature is assumed to be negligible

in the foregoing relationships, This idea may be expressed
in another way which is more directly apnlicable to estl—
mations of the performance of thermal ice—prevention equip—
ment at various altitudss., For a given system on an air—
plane flying at the same indicated airspeed at various alti—
tudes, as » rough approximation, the 2ir—flow rate through
the installation will vary inversely as the square root of
the density ratio. (The density applicnble here i

fod

T ; 5 the
averange density of the nir within the heat exchanber.)
Thus, for a2 given system the air—flow rate decreases rapidly
with increases in altitude, This results in a decrease in
heat ocutput, an increase in the air-—side temperaturss, and

a general increase in the metal temperatures within the

heat exchanger, All of these changes are undesirable in a
thermal ice—prevention system, Particular care, thereforo,
mizst be taken in the design of each part of the system to
provide an adegquate supply of nir for cooling the exchanger
core and to prevent overheating of the structural members of
the lifting surfaces; otherwlse serious failures may occur
2t the higher altitudes, especia llj at high-power ccnditions

The distribution of air—side pressure losses in the
fin=al }eat—exchanger installation is shown in figure 13.
The over—all pressure drob from stntion 1 to station 6 is
26 pounds per square fooit, or 42 percent of the free—
stream dynamic pressure {¢,). This is slightly lower than
the allowable value of O

pn

~ and is therefore satisfac—
tory., However, the core © sure 4rcp (station 2 to sta-
tion 5) is only 11.3 pounds per sguare foct and of this
amount the useful friction pressure drop is only 4.8 pounds
per square foot er 8 percent of o . Thus the nonuseful
losses in this installation amount to about 34 percent of
the available ram and obviously should be reduced. The

by
" OLO
©
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outlet header accounts for about 0.15q_ ; wihrile the inlet
header and the expansion loss at the trailing cecdge of the
core account for about 0.07q, each. Through careful de—
sign each of these three losses can be reduced. Such =
reduction may be utilized as a rcduction in the required
sumping horscpower, or may be added to the allowable fric—
tion pressure drop of the core, therebdy making possible
the cioice of A smaller and lighter heat exchangor.

The curve of static—pressure variation was plotted on
this figure merely as a matter ¢f interest; the difference

between the two curves at any point is the local velocity
nead at that p int,

CONCLUSIONS

Ihe anzlyitic and teet data contained herein clearly
indicate the following conclusions:

1. The analytic design procedures used in this
report have been wmroved satisfactory.

selected exchanger core and headers success—
the reguirements of the thermal ice—prevention
t

T
fully nee
o} he C—46 rirplane.

systen 1
3, The performance of the heat—exchanger installaticn
can ve greatly improved through the reductlon cf the non—
ngeful pressure logses associated with the outlet hesder,
t”c inlet header, and the expansion at the trailing =2dges
of *he exchanger core,

Axmegs Aeronautical _sborwtory,
National Advisery Conmittece for Aeronautics,
Meffett Field, Cnlif,
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TABLE I.- SAMFLE CALCULATIONS
C-46 Airplane

BASIC DESIGN DATA : AIR SIDE GAS SIDE
Weight rate (W), lb/br e e e e e e e e e e e e e e e e e e 4130 3200
1lnlet temperature (ts), °F e e e e e e e e e e e e e e e e 0. 1600
Outlet temperature (t,), © e e e e e e e e e e e e e e e e 300 1300
Average temperature (tav) e e e e e e i e e e e e .. 180 1450
Specific heat at tay (cp), Btu/(lb)(°F) e e e e e e e e e e e e 0.241 0.30
Absolute viscosity at tgy (w), 1b/(br)(ft) . . . . e .. 0.048 0.10
Thermal conductivity at tav (k) Btu/(hr)(sq ft)(°F/ft) P ¢ ) & £ 0.045
Absolute pressure - (p,), 1b/eq ft . . . e e e e 1060 1060
Specific weight at t, (v5), lb/cu ft . . . . e e e s e e e ... 0.0432 0.0097
Specific weight at tgy (vay), lbfcu ft . . . . . . .. ... ... .. 0,032 0.0104
Specific weight at t, (y‘?, ofeu £ . . . .. . . .. ... . ... 0O.0362 '0.0113

2Logarithmic mean-temperature difference. (Atp), ° )
_ (1600 - 0) - (1300 -_300) _ ' O ans

log, 1600/1000 B

HEAT TRANSFER v

Over-all passage length (L'), ft "+ . . . . . . ... . . . .0 .. .. 0.79 : 1.25
Effective passage 1en§tn (L), 4 0.7 - 1.17
Fluid passage gap et e e e e e e e e e e e e e e e e e e 0.0175 0. 0233
Number of passages g e 5 4 e o e a4 o s s s st 4 e e e e s s e s X4 ‘ 16
No-flow dimension (Ly 2 2 . e 0.762 0.762
Minimum free area (Ac)r T 0.321 - 0.264
Equivalent diameter (D ), ft o « o & 11 ) 0.045
Heat-transfer area (s), -7 T & 28.6 . 38.6
Weight rate per unit free area in core (G' = W/4a.), 1b/(br)(sc ft) 12900 12100
Reynolds number (Re = GgDe/W) . . e e e e e e e e e e 8550 - - 5450
Nusselt number (Nu = bDg/k = 0.02 Re° °) ' 28 19.5
Surface heat-transfer coefficient (h = Nu k/De), Btu/(hr)(eq ft)(°F) 14.6 . 19.5
30ver-all heat-transfer coefficient: (p R SO ), Btu/(hr)(aaft)PF) ’ 8.35

. 1/n +1/ng ' o

Heat output (Q = USAty), Btu/br . . . . . . « . . . . . ... . ... ' 305,000
TOTAL-PRESSURE DROP OF CORE AT 18,000 FEET

Friction factor (f from reference 1l1) . . 0.008 0.01.
Average velocity bead in coTe [Qqgy = (G°/3600) “x 1/2gvav], lb/sq £t . 6.13 16.9
4L/D e e 87.5 104
Fricgion pressure drop (ApF = fqav 4L/D ), lb/eq ft B I 4.82 17.5
Outlet area (4,), eq ft' . . B .0.99 0.50
Expansion factor Kg = (1 - A,/As o L I 114 0.234
Jelocity head at t, [q, = (Go/3600)° x 1/2gy,], 1b/eq £t . . . . . . . - 7.61 " 15.50
*Expansion-pressure drop (Apg = Kgqe), 1bfeq it . . . . ... . . ... 3.48 .3.47
Velocity heat at t, [q, = (G /3600)’ x 1/2573], lb/eq ft ... ... 461 . 18.1
®Momentun-pressure drop (q, - qs), lb/eq .. .. e v e te e '3.00 -2.60
Total—preaaure drop of core Ap, = Apy + ApE + (q‘ - q’), lb/sq . .. 11.30 . ©18.37

The numerical subscripts refer to the air-side’ stations shown in fig 13 aud to equivalent gae-
slde stations.

®It 15 assumed that the cross—flow correction factor is eouivalénp.ﬁb uhxty..-'
Thc thermal resistance of the metal walls 19 negligible A

4The expaneion lose in a 90° diverging channel is approximately the aame as that in an abrupt
expansion. »

SThis apparent drop in air-side total pressure is not necesearily a’loas of energy. . It-may be
recovered in the form of total pressure, provided the air is cooled to its original temper- -
ature at the same Reynolds number. Although it is probable that it is partially recovered
in the system aft of the heat exchanger, it is-slightly conservative to consider (q, - q,)
as a real loss in available ram. )
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X MODELL [T AT 5000 FEET -~ ~ ~ ff 23300 Lb/Hy; #g,: /600F, %= 60 - 70°F
——0O—— MODEL IT AT /18000 FELT -—— Wy b

AR SIDF 7TOTAL PRESSURE DLeor, 4 P
| —i=Q—— MODEL I, OVERALL Ap, AT /8000 FFET
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FIGURE [ ~ MEASURED PERFORMANCE OF HEAT FX

223500 Lb/Hr, 15,2 1600 F, tajs 30 °F

CHANGER, MODELS 1.

AND 2, OESIGNED FOR THE C-R8 AIRPLANE AND TESTED

ON AN O-47A4 AQ/IBRPLANE
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FIGURE [2.— A COMPARISON BETWEEN CALCULATED AND NMEASURED MHEAT
OQUTPUT AND AIR-~SIDEF FPRESSURE ODROFP OF 7TrHE MHEAT-FX ~
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