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NATIOFRAL ADVISORY COMMITTEE FOR ABRONAUTICS
ADVANCE RESTRICTED REPORT

DEVELOPMENT OF THERMAL ICE-PREVENTION EQUIPMENT
FOR THE B-17F AIRPLANE

By Alun R. Jones and Lewils A. Rodert

SUMMARY

A thermal lce-prevention system for the B~17F alrplane
has been developed at the Ames Aeronautical Laboratory of
the National Advisory Committee for Aeronautics in coopera-
tlon with the Materiel Command of the Army Alr Forces, and
the Boeing Alrcraft Company. The report includes a desorip-
tion of the deslign, an outline of the design,analysis, and
a presentation and discussion of flight-test thermal data
secured under non-icing conditions. Performance of the
system under natural icing cond‘tions 1s to be presented
in a supplementary report.

The baalic ldea in the design of the system described
was to ralge the temperature of the surfaces to be pro-
tected from ice formatlons by subjecting the inner faces
to a stream of heated ailr. The sourceas of heated alr were
three exhaust-gas~to-alr heat exchangers: one located in
each outhoard nacelle, and the third located 4in the right
inboard nacelle. A double-gkin type of construction was
employed over the forward portlon of the wings and tall
surfaces. The heated alir was caused to circulate by the
dynamic pressure of the alr stream.

The deslgn analysis was based upon a procedure devel-
oped by the AAL. The critical design date which apply to
the B~17F eirplene installation, and their method of calcu-
lation, are presented.

Sufficlient instrumentation was provided in the instalr
latlion to allow for determination of the heat flow through-
out the system. Tables are presented of the temperatures
of the heated circulating air and surfaces, and the capacilty
of the heat exchangers, in flightes at 10,000 and 18,000 fest
pressure altltude. Curves are presented showing the exhaust
gas and circulating air-pressure drope for one of the ex-
changers, based upon investigations in flight with the




exchanger lnatalled upon a single~-engine test airplans.

The test data indicate that the thermal ice-prevention
system removes, from the exhaust gas, about 10 percent of
the heat avalladble above free-air temperasture. Based upon
experlience gained with previous thermal ice~prevention in-
stallations, in flight under natural icing conditions, the
heat flow in the Bystem.is sufficlent to provide satiasfac-
tory lce protectlon for the wing outer panels, but may bde
inadequate for the empennage and wing tips.

INTRODUOTION

In cooperation with the Materiel Command of the Army
Alr Forces, the Boelng Aircraft Company, and several equip-
ment manufacturing companlies, the AAL haes desligned, .
installed, and tested in flight a thermal ice-prevention
system for the B~-17F airpiene. The work was undertaken at
the request of the Materiel Command, for whom the AAL had
previously designed and tested several thermal lce-preven-
tion syetems on a Lockbeed 124 airplane (reference 1) and
one system on a Consolidated B~-24D airplane (reference 2).
Appreciation is extended to representatives of the Boelng
Alrcraft Company, Messre. Roy Ostling and John Riley, who
contributed valuable experience to the development of the
project.

DESCRIPTION OF THE ICE-PREVENTION EQUIPMENT

The B-17F airplene is shown in figure 1. The airplanse
is a midwing monoplane of the heavy bombardment type,
powered by four Wright model R~1820-97 engines, having a
sea-level rating of 1000 horsepower. ZXach englne 1ls
equipped with an exheust-driven type B-2 turbosupercharger.

The general layout of the thermal ice-prevention sys-
tem for the B-17F alrplane is shown in fizure 2. Heated
alr ig obtained from exhaust-gas-to~-alr heat exchangers 1in
nacelles.l, 3, and 4 and directed to the reglons to be
heated by a system of thin-wall, aluminum-alloy ducts.

The design of the equipment for the wing outer-panel
leading edge from stations 194 to 33 1s shown in flgure 3.
The flow of the heated alr 1s directed along the inner



face of the airfoil pskin in a chordwise direction by cor-
. rugated sheets attached to the outer -skin.- -These sheets
extend from rib to rid and consist of upper and lower por-
tlons, separated at the leading edge to provide an opening
for the heated alr to enter the chordwise passages. Both
portions tarminate at-approximately 15 percent of the wing
chord. Digtribution of the heated alr to the chordwise
passages 1g obtained by means of a spanwise bulkhead placed
at 4 percent of the wing chord. All of the heated air for
the outer panel is delivered to the single spanwise duct
at ite inboard end, 4in contrast to the multi-duct supply
system employed in the B-24D design of reference 2. The
trues structure of the front spar allows the ailr to pass
into the wing interilor, and from there it 1s discharged
through the aileron slot. The outer-panel leading edge
during revisions, before the 4-percent-chord bulkhead was
installed, 1s shown in figure 4, and the completed leading
edge as viewed from the rear 1is shown im figure 5.

The deslgn of the wing-tip ice-preveniion installation
1s shown in filgure 6. The spanwilse duct 1s terminated at
the tip Joint Dy a 80l1d wing rib web. The heated air for
the wing tip, therefore, is obtalned from the interlor of
the wing outer panel and has flowed through the chordwise
rassageas.

The carburetor and intercooler alr inlets are located
ln the wing leading edge near the nacelles, two inlets
being provided for each engine. In installatlions of this
type, there 1s a tendency for ice to accumulate on the
edges of these inlets, particularly the lower lip. Because
protection for all edzes was unpracticable, an experimental
ingtallatlon was provided for the lower lips only of the
intakes for the right outbvoard engine. Heated sir 1s gup-
plied to the surfaces to be protected by a l-inch branch
from the supply duct to the wing outer-panel leading edge
(fig. 7). Plattened outlets cause the heated mair to im-
pinge on the lower edges of the intake openings.

The thermal ilice-prevention design for the wing indboard
panel (statione 8, 9, and 10) 1s shown in figure 8. A
portion of the heated air from the exchanger 1in nacelle 3
lg diverted to the inboard pansl leading edge, as shown in
figure 2, and enters a semicircular spanwlse duct located
on the lower surface of the wing. At the forward edge of
the spanwlge digtribution duvct, the air enters a narrow
passage, formed between the inner and outer skins, which
ig continuous around the leading edge. The gap between
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the two skins 1is 1/16-1nch and extends over the forward

4 percent of the leadling edge, top and bottom. The air

is dlscharged into the wing interior at the gap outlet on
the upper surface. The left wing leading edge was revisged
in the same manner as the rignt wing, but was not connected
to a supply of heated air, pending the possible installia-
tlion of a heat exchanger in nacelle 2.

The primary fuaction of the heat exchanger in nacelle
3 is to furnish heated air for the empennage. The supply
duct from nacelle 3 to the empennage 18 indicated in fig-
ure 2. Portions of the duct inslde the right wing, and
inside the fuselage, are shown in figures 9 and 10. The
entire duct line from the nacelle to the empennage was
insulated with a l-inch thick blanket of rock-wool type
material and covered with linen cloth.

Details of the fin and dorsal thermal ice-prevention
system are shown in flgure 1ll. (Conslidering first the
dorsal heating aystem, heated alr 1s carried to the lead~-
ing edge 1n a 3-inch bypass from the main empennage duct.
This alr is directed into a passage formed by the dorsal
leading~edge inner ekin and a baffle located about 6 inches
from the leading edge. The heated air leaves the pessage
through holes in the leesding edge of the inner skin and
flows througn the 0.06-inch gap between the outer and
inner skins. '

The fin leading edge is heated in a manner identical
to that described for the dorsal. Hesated air for the
leading~edge system is suppllied dy a 3-inch duct located
Just aft of the Joint between the dorsal and vertical fin.
A portion of the leading sedge, typlcal for both fin and
dorsal, is shown in figures 12 and 13.

The ice-prevention equipment for the horizontal sta-
bilizer is shown in figure 1l4. A single 3-inch supply duct
to each gstabilizer branches into three leading-edge ducts.
The stabilizer leading edge was not removable, and the
somewhat complicated system of ducts shown 1ln figure 14
was required to obtaln a satisfactory temperature distridbu-
tion without redesligning the leading edge.

The heated ailr in the leading-edge ducts passes
through elots located on the forward face of the ducts,
through holes in the nose inner skin, and through a 0.05-
inch gap between the ilnner and outer skins. Flow of the
alr to the interlor of the steblilizer is prevented by a




spauwige bulkhead aft of the slotted tubes. Detalls of
* the "atabllizer ice~prevention installation are shown in
figures 15 and 16. TFor the entire empennage design, the
outer skin of the leading edge covers epproximately the
same purface area as that orlginally occupied by the
rubber de~icers.

To faclilitate the heat-exchanger design, a removable
portion of the exhaust stack between the collector ring
and the turbosupercharger was modified to give more heat-
transfer area. The altered exhauast stack for one of the
outboard nacelles is shown 4in figure 17. The main shell
and inner fins conslst of a single sheet of atabilizeg
stainless eteel, folded longltudinally to form the inner
fine and welded at the seam and fian ends. The outer fins
are formed by cutting slots in 2-1inch wlde by 0.040-1nch
thick copper strips. The slotes are 1/16-inch wide and
are spaced to provide for fins 1/8-1nch wide. The solld
portion of the strips wae lnserted between the folds form-
ing the inner fins and was furnace-brasged to the steinless
steel. The outer fins were then twisted 90° so that the

direction of the 1/8—1nch dimension would coincide with
that of the alr flow. The asbestos cloth seals shown at
the ends of the exchanger in figure 17 are designed to
fit against the exhaust-steck shroud and prevent air
leakage.

The heat exchanger air-lintake scoops are attached to
the sides of the nacelles as shown in figure 18 for the
right inboard nacelle and figure 19 for the outboard
nacelles. For later flight tests under natural iclng con-
ditions, the inteke lips were heated with warm alr taken
from behind the cowl flaps.

The heated-alr outlet from the exchanger in the right
outboard nacelle ig shown in figure 20. An overboard dump
syatem 4s provided by the installation of a plate valve
ingide the main duct which can divert the air out through
the rectengusar oponing shown in the filgure. L removable
duct saction is attached to the flange of the rectangular
outlet, and the air is dumped as shown in figure 21. The
.installation of _ the dump-valve drive motor for the right
outboard necslle is shown in figure 22. The heated-alr
outlet and dump valve for the exchanger in the righ%t in~
board nacelle are shown in figure 23. The valve drive
motor installation i1s shown in figure 24.




A separate switch for each dump-valve drive motor 1s
ingtalled on the pilot's instrument panel (fig. 25). These
swltches are of the toggle, snap-poslition type, and the
motor is stopped at the extremes of the valve travel by
limit contacts in the circuit. 4An iron-constantan thermo-
couple 1s ianstalled in each exchanger outlet and is con-
nected to a selector switch, which in turn 1e connected

to a temperature indicator (fig. 25). A sinc-strip safety
device 18 also ingtalled in each exchanger outlet. Should
leakage of exhaust gas into the air side of the heat ex-
changer cause the alr temperature to exceed 800° ¥, the
ginc strip is melted and a warning light le operated.

The distribution of the heated air from the right
lnboard exchanger is controllsd by means of nine bdbutterfly
valves in the system, located as shown in figure 2. The
valves are not adjustadble in fllght; therefore, the set-
tings for the desired digtribution were determined in pre-
liminary flight tests, and the valves were fixed at these
positlions.

Design Analyele of Thermael Ice-Prevention Equipment

The design manalysis procedure for the B~17F ailrplane
was almost ldentical to that outlined for the B~24D air-
Plane in refersnce 2. The results of the analysis, and a
condensation of the step-by-step procedure of reference 2
as applied to the wing outer panel, are presented in this
report. The nomenclature ls the same as that listed in
reference 2.

For purposes of deasign, an indicated airspeed of 155
miles per hour and a pressure altitude of 18,000 feet were
agguned,

Step l. Assumption of free eir temperature.- A free
air temperature of 00 F was assumed.

Step 2. Assumption of avermge temperature at which
the heated surface 1s to be malntalned.- An average temper—
ature rise of 90° P} was assumed for the wing outer-panel
surface to which direct heating could be applied. 1In the
case of the B~17F airplane, direct heating was applied to
the forward 16 percent of the wing chord, as compared with
10 percent of the chord for the B-24D airplane.
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Step 8. Calculation of the heat-transfer goefficilent
. botween .the wing surface -and the ambient air.- The heat-
transfer coefficient h was calculated by equation (1)
of reference 2. The effect of change in altltude upon the
value of the transfer coefficlient has been neglected 1in
the equation. The heat-transfer coefficlients for the lead-

lng edge as calculated by equation (1) of reference 2 are
plotted in figure 26.

Step 4. Calculation of the total heat flow from the
"oritical design surface.- The heat removed from the lead-
ing edge outer surface was calculated by equation (2) of
reference 3. The value of @ for the wing leading edge
forward of the front epar is pPlotted in figure 26. The
average values of h and s from figure 26 ars..15.5.B%uc
per hour, square-.feet, °¥, and 3.9 feet, respectively.

From equation (2) of reference 2, the heat flow from the
leading edge:

15.5 X 211 x 3.9 X 90

ey = (Bg_)ay 8 (tg_,)ay = 12

Q

o = 96,000 Btu per hour

Step 5. Estimate of the required heat capacity for
the circulating alr.~ As stated in reference 2, the quan-
tity of heat supplied to the leading-edge system in the
circulating alr is uwsually taken as two to four timee the
amnount of heat transferred throusgh the leading-edge outer
surface, Xor the B-17F desilgn, a value of two to two and
one-half tlmes the quantity of heat calculated in step 4
wag consldered sufficient. The design capacity for the
outboerd heat exchangers was approximately estadlished at
between 190,000 and 240,000 Btu psr hour.

Step 6. Calculation or asgumption of air-flow rate
through heat exchanger.- The B-17F exchangers are almost
identical to those employed in the B-24D airplane, and for
deslgn purposes the air-flow rate was assumed to be the
eame, or 2730 pounds per hour.

Step 7. QGalculation of heat-exchanger capacity and
alr temperature rise.- Heat-exchanger dlmenslons which
previous experlence had indicated would satisfy the requlre-
mentes of steps 6 and 6, and would provide a temperature rise




of approximately 300° ¥, were assumed. The exchanger per-
formance was then calculated. The resulting heat putputo
wag 213,000 Btu per lour, with a temperature rise of 330" T.
The quantity of heat supplied to the wing interilor aft of
15~percent chord then becomes 213,000 minus 95,000, or
118,000 Btu per hour.

Step 8. Design of the heated-alr passages.~ The use of
the B~-24D type corrugetions in the B-17F design was consld-
ered desirable from a production standpoint. With the
corrugation size and the alr-flow rate fixed, the design
problem waas reduced to the determlnation of the outer-~
surface temperature produced by these condlitions. The heat
flow from a single chordwilge passage, at several spanwlse
locations, was investlgated.

Step 9. Application of steps 2, 3, and 4 to individual
chordwige ptrips.- The heat flow from a single chordwise
passage at any stetion is glvren by equation (4) of refer-
ence 2 as:

=h

s
Qa7 e—? Ye_n 13

For the B-17F wing outer panel at station 19,

h8—7 = 14.1 ts_,’ = 90 F B = 4.75 feet

and therefore,

Q,_, = 502 Btu per hour per corrugation

air.~ The weight distrlibution of the heated ailr alonghthe
span was assumed the same as for the B-24D design (eqfation
(5), reference 2).

-}
—_ av
w = Way _;_

The value of w at station 19 thei becomes:

w = 2730 /3'88 = b5.86 pounds per hour

2 X 211" 4.75
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Note that w 1s the actual alr flow in & single upper or
lower chordwlse paesage and therefore equals one-half the
flow per corrugation.

Step 1ll. Calculation of the temperature drop of the
heated air in the chordwise passages.- The temperature
drop 1s determined by an adaptation of equation (3) of
reference 2, F¥or the air in a single passage at station
19:

L)

¢
R 502 = 176° 7

2 op ¥ 2 X 0.244 x 5.85

Assuming the heated air enters the passage with tempera-
ture t = 320° ¥, the average temperature in the passage,

t = 320 - 176 = 2329 ¥
fav 2

Step 12. Design of the heated-mslr passage to produce
the reguired heat flow.- The method employed to calculate
the heat-transfer coefflclent for the ilnner surface of the
wing for the B-17F was 1ldentical to that used for the
B~-24D. For the corrugation at station 19:

w 5.86
G =—= = 2.13 pounds per second,

A 3600 X 0.000765 square feet

8
G D 2.13 X 0.0172 X
Re = -8 = 2:1 20 - 249
1.47

ba_e Dg —
—_—2 = 10.5 (curve AA, fig. 23, reference 2)

k

hy ¢ = 0.0159 X 10.6 _ 9,66 Btu per hour,

0.0172 square feet, oy

The average temperature 1ln the alr passage being 232° ¥,
the avallable heat flow to the outer skin per corrugation
becomes: .
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B
-

Yae 28 % i3 Bay te)

= 9.66 x .75 (232 ~ 90)
13

= 544 Btu per hour per corrugation

The calculated rates of heat flow per corrugation of 6544
Btu per hour to the outer surface, and 502 Btu per hour
from the outer surface, are in satisfactory agreement.
The analyeis for the remainder of the wing outer-panel
leading edge was completed by the method Just outlined,
and the results are presented in figure 27.

The analysis procedure for the empennage was similar
to that employed for the wings. The heat-transfer coef-
ficlente for the outer surface of the leading-edge skin
of the horizontal stabllizer were calculated by equation
(1) of reference 2, and are presented in figure 28. The
heat-transfer coefficlents for the dorsal and fin leading
edges were not calculated, an average value of 12 Btu per
hour per square foot per °F being assumed. The heated
air at a total flow rate of 3700 pounds per hour was
asgumed to reach the empennage at a temperature of 250° 7.

h Dg

The values of corresponding to the curve for air

flow 1in narrow gaps from figure 22 of reference 2, were
used in determining the heat-transfer coefficlent for the
inner surface of the outer sgkin. In using this curve,
Reynolds number was besed upon d (the gap width) rather
than 24 (the gap hydraulic radius for 1 £t of span).

The results of the analysis for the stabilizer are
presented in figure 29, and for the dorsal and fin, in
figure 30. The analysls showed a required heat flow of
63,000 Btu per hour to each gide of the stabllizer and
38,500 Btu ger hour to the dorsal and fin. Basged upon an
assumed 320° ¥ temperature rise in the right inboard heat
exchanger, the design capacity of the exchanger became
approximataly 208,000 Btu per hour.

The pressure drop in the heated~air passages and the
supply ducte was calculated by equation (6) of reference 3,
which 1s written:
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GB

(v, = v,) £.o HG® v
P, - B, = 2 1), fav av

C- - 4 2gm

The value of the friction factor f was obtained from
figure 24 of reference 2. In the case of the chordwlase
passages, Reynolds number was based upon the equivalent
diameter (four times the bydraulic radius), and the curve
for laminar flow in pipes wes used. 1In the case of the
empennage gape, Reynolds number was based upon the gap
width d, and the curve for flow in narrow gaps was used.
To estimate the preassure drop 1zm the spanwlse duct of the
wing outer panel, the drop per foot was calculated for
several points along the span and plotted as shown in fig-
ure 31l. The average value was multiplied by the duct
length to obtain the total, 0.3 inch of water (fig. 27).
This pressure drop was oonsidered uegligible when compared
to that in the chordwise passages and, therefore, no extra
supply ducts to the leading edge (as required for the
B-24D) were included in the B-17F design. The calculated

pressure drops for the empennage geps are shown in figures
29 and 30.

Inatrumentatlon of the B-17F Airplane for Tests

Thermocouples, pressure orifices, and venturl meters
were lncluded in the design of & portion of the B-17F air-
plane thermal ice-prevention equipment in order to measure
the performance of the installation in flight tests. The
following factors were considered to be of interest:

(1) Quantity of air flow through the heat exchangers
(2) Temperatures of the heated air throughout the system

(3) Temperatures of the heated surfaces: namely, wing
and empennage outer surfaces and several polnts
on the internal structure

(4) Temperature of the exhaust gas

Congideration was given to measuring the exhaust gas
and air-pressure drops across the heat exchangers, but the
ducting installatione did not lend themselves readily to
such measurements. Satisfactory data for the right inboard
exchanger, however, were obtalned when the exchanger was
ingtalled on a single-engine test airplane with ducting
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very similar to the B~17F lngtellation. These data are
presented in figure 32. The pressure drops in figure 32
correspond to the actual difference in static pressures
measured at the exchanger inlet and outlet, in ducts of
equal cross-sectional area.

The air flow through the exchangers was measured with
venturl meters; one installed in the b-ineh supply duct to
the wing outer panel, and the other in the 6-~inch supply
line to empennage (fig. 2). The 6~inch venturl meter could
not be located between the exchanger outlet and the bypass
to the wing inner panel because of installation difficulties.:
The alr-flow rate obtained with thls meter, therefore, was
not an exact measurement of the flow through the exchanger,
and the exchanger capecities based upon thile flow rate are
glightly slightly conservative. The deviation from the
true exchanger capacilty was not consldered to de of suffi-
client magnitude to warrant additions to the lnstrumentation.
The locations of the veaturi-meter pressure orifices are
ghown in flgure 33. The pressure drops at the venturi .
meters were obtained with & water manometer. The meters
were calibrated before inatallation.

All temperatures were measured wlth iron-constantaen
thermocouples and a Lewle potentiometer. 4An 1dentification
drawing for the theromocouple locations is presented in
figure 33. The dash numbers following the thermocouple
numbers refer to the type of thermocouple mounting as de-
talled in figure 34.

TEST RESULTS AND DISCUSSION

Tive flighta were made to test the performance of the
thermal ice-prevention equipment. During the first three
flights, adjustmentes were made in the heated-air supply
lines by means of the butterfly valves Iin order to obtain
a satisfactory temperature distribution over the heated
gurfaces. Two more flights were then conducted to secure
complete thermal data; one at 10,000 feet, and the other
at 18,000 feet pressure sltitude. The test data from these
last two flights are presented in tabdbles I, II, end III.
The thermocouple and pressure-orifice deslgnations corre-
spond to thoae shown in figure 33.

The data from table II, flight 2, indicate that an
average temperature rise of approximately 100° ¥ was ob-
talned over the forward 15 percent of the wing outer-panel
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leading edge for an eir-flow rate of 71 percent, and a
heat—-exchanger capaclty of 85 percent,  -of the design fig-
ures. The temperature rise over the first b6 percent of
the chord was considerably higher than the rise from 10~
to l6~percent chord. Although the deslgn features of the
outer panel expose the foremost part of the alrfoll to the
warmest air, at least a part of the large temperature drop
experienced at about b-percent chord 1s bellieved to be
caused by transition from laminar to turbulent flow occur-
ring in that locallty. An approximation of the heat flow
through the gkin over the wing outer panel forward of 15~
percent chord was obtained by calculating the average air-
temperature drop through the chordwlse passages from the
flight~-test data. The total heat flow was 85,000 Btu per
hour for flight 1, and 88,000 Btu per hour for flight 2,
or approximately 50 percont of the heat supplied to the
leading~edge system. This 18 equivalent to about 1250 Btiu
per hour per square foot of wing leading-edge surface.
These filigures for total heat flow are in good agreement
wlth the deslgn figure of 95,000 Btu per hour; however,
attentlion 18 directed to the fact that the test data do
not allow accurate determination, and the agreement is
fortuitous.

Approximately 184,000 Btu per hour (72 hp) was ex-
tracted from the exhaunst gas in each outboard engine, or
about 10 percent of the heat available (above free-air
temp.) in the gas.

A considerable temperature gradlent was observed
around the inboard section leading edge (table III). A4
more even temperature distribution could be obtained dy
increagsling the gap sigze, or if necessary, tapering the
gap. Because the system may be satisfactory in its pres-
ent form, these changes were not made pending further tests.

The data from table III also 1ndicate that the temper-
ature rises of the dorsal, fin, and stabillzer leading
edges are below deslign values, but not to a serious degree.
Whether or not the asurfaces have been heated sufficiently
to provide satisfactory ice protection cam only be deter-
mined by flighte in natural icing conditions, but present
available information suggests that only minor-alterations,
if any, will bde reguired.

The capacity of the exchanger in the right inboard
nacelle was 90 percent of the design value, at an alr+Ilow
rate of 74 percent of design. These figures are subject to
a slight correction for air flow to the indboard section.
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" CONCLUSIONS

. 1., Present avallable data on heat flow are adequate
to permit the design of thermal ice~preventlon eguipment
for metal airplanes on the basls of required temperature
rise at specified locations. Preliminary flight tests of
the B~-17F installation, under non-icing conditions, indi-
cate that the deslign temperatures are, with minor excep-
tions, realixed.

2. Baped upon experience gained 1in fllghts under
natural icing conditions with previousp similar designs,
the heat flow in the system desoribed for the B-17F alr-
plane is sufficlent to provide satisfactory ice protection
for the wing outer panels, but may be inadequate for the
empennage and wing tipas.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, UJalif.
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TABLY . - ENGINE DATA RECORDED DURING FLIGHT TESTS
OF B-17F THERMAL ICE-FREVENTION BQUIPMENT

- Flight 1 2
Pressure altitude, fest 10,000 18,000
Tree’ a.ir telnpera'l;we,- op 4o "'l"
Oorrect’indicated air speed, mph 155 155
Han:lfolc'l pressure, lnches of mercury:

" mgtne1 26.3 ——-
Engine 3  26.5 26.0
Ingine 4 26.5 25.7

I-Rew.lutions:per minute:

" Zngine 1 1,980 SRS
Engine 3 2,030 2,000
Engine U 2,000 2,000
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TABIE IT. - EESULTS OF FLIGHT TESTS OF THERMAT.
IOB-PREVENTICN EQUIPMENT IN RIGET WING OUTER PANHL, ‘B~17F AIRFLANE

e Flight 1 2
Pressure altitude, foet . IO,dOO ::18.000
Correct indicated airspeed, mph 155 155
Gl Temi:erature of .gas into exchanger 4, °F 1,640 | ——emm —
G2 Temperature of gas out of exchanger Y4, °r 1,510 | ——mmmee
Tree air temperaturo, °F 40 -l
a'Weig,:ht of air to ocutboard section, pounds per hour 2,290 1,940 .

AlO Temperature of air into exchanger 4, °F 40 . =Y
A4y Temperature of air out of exchanger 4, °F 352 390
| Temperature rise, °F - 312 394

Heat to air, Btu per hour 171,500 |184,000

Alr temperatures, ol'

AT Alr into gap, station 20 251 262
A8 Air at upper gep exit, station 20 g2 65
A9 Air at lower gep exit, station 20 98 70
A1%4  |Air in wing near aileron gap, station 20 62 L0
A1l Air into gap, station 22% 338 351
Al Alr into gap, statlon 25 308 341
AR Air at upper gap exit, station 25 106 103
A6 Air at lower gap exlt, station 25 155 140
Al3 Air in wing near aileron gsp, station 24k 68 45

lNumbers correspond to thermocouple locations on fig. 33.

3Measured at H-in. venturi.



TABLE II (Contimued)
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Thermo-

couple Tlight 1 2
Al0 | Alr into gap, station 29 308 321
Al Air into gap, station 33 267 287
A2 Alr at upper gap exlt, stetlon 33 137 122
A3 Air at lower gap exlt, station 33 i 152 145
Al2 | Air in wing near sileron gep, station 32 9L 8y
A28 |Alr into gap, wing tip, station 35 132 112

Skin temperatures, OF above free alr temperature

§76 | Intercooler air inteke lip at H-percent chord,

station 15% 40 59
ST5 | Carburetor air intake 1lip at S5-percent chord,

station 16% 10 59
825 |On nose, station 20 130 145
526 |Upper at 3-percemt chord, station 20 ol 116
527 |Lower at 3~percent chord, station 20 105 126
5§28 |Upper at 8-percemt chord, station 20 45 59
B29 |Lower at 8-percent chord, station 20 76 98
8§30 |Upper at l3-percent chord, station 20 30 s
531 |Lower at 13-percent chord, station 20 50 59
839 |Upper near alleron gap, station 20 14 ..29

520 |On'néee, station 22% - o T - Y 27
821 | Upper at 3~percent chord, 224 . 160 197
822 |Lower at 3~percent chord, station 22} 180 229
§23 ‘| Upper at 1l2-percent chord, station 224 68 93
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TABLE II (Oontinued)

o o~ T
§24 | Lower at 12-percent chord, station 224 125 149
513 | On nose, station 25 183 229
S14 | Upper at Y-percent chord, station 25 150 186
815 | Lower at 4-percent chord, station 25 ' 180 224
§16 | Upper at 8-percent chord, station 25 70 98
517 | Lower at 8-percent chord, station 25 130 159
518 | Upper at 13-percent chord, station 25 51 T4
519 | l:ower at l3-mercent chord, station 25 112 135
5§52 | Upper at 25-percent chord, station 24k 30 54
853 | Lower at 25-percent chord, station 2U4i 25 4l
833 | Upper ot 35-percent chord, station 24% 27 49
S34 | Lower at 35-percemt chord, station 243} 15 29
854 | Upper at 5C-percent chord, station 24 25 un
855 | Lower at 50-percent chord, station 2U% 17 29 .
835 | Upper at 65-percent chord, station 24k 18. 39
836 | Lower at 65-percent chord, station 244 15 2l
837 | Upper near alleron gan, station 24k 20 uh
838 | Lower near alleron gap, station 244 17 29
58 | On nose, station 29 157 196
89 |{Upper at 3-percent chord, station 29 135 164
510 | Lower at 3~percent chord, station 29 162 207
511 | Upper at 10-percent chord, station 29 68 98
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oy Flight 1 2
§12 | Lower at 10-percent chord, station 29 123 149
51 On nose, stetion 33 127 154
§2 |Upper at 3~percent chord, station 33 160 202
83 Lower at 3-percemnt chord, station 33 112 145
S84 | Upper at 8-percent chord, station 33 35 103
55 |Lower mt 8-percent chord, station 33 127 154
s6 Uppor at ll-percent chord, station 33 70 98
87 |Zower at ll-percent chord, station 33 105 135
§32 | Upper at 65-percent chord, station 32 22 49
§56 | On nose, wing tip, station 35 42 T4
557 | Upper, wing tip at 5-percent chord, station 35 4o 4
§58 | Lower, wing tip at 5~percent chord, stetion 35 22 54

Btructure temperatures, Op
M3 On rib at 7-percent chord, station 20 122 103
M2 On rid at 7-percent chord, station 25 162 141
"u On rib at 7-percemt chord, station 33 150 126
i::;:ﬁﬁe Flight 1 2
- - - Pressures in inches of water referred to.cabin
static pressure (+ above, — below)
P10 | Static at entrance to 5-inch venturi -2.4 =3.7
P11 | Static at throat of H-inch venturi ++.0 +3.2
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TADLE III. - BBSULTYS OF FLIGHT TESTS OF THEEMAL ICE-PREVENTION EQUIFMENT

IN RIGHT WING INNER PANEL AND KMPENNAGE, .B-17F AIRPLANE

|
mar- g L | e
Proeagure altitude, feet 10,000 | 18,000
Correct indicated airspeed, 'mph 155 155
Free air temperature, °F +32 -4
Ay2 Temperature of eir cut of exchanger 3, °F 353 395
Tempersture rise, oy 321 399
Weight of eir to empennaege, pounds per hour 2,450 1,960
1Beut cepaclty, exchenger %, Btu per hour 189,000 |186,000
Wing inner pasnel, alr temperatures, op
A39 In duct at 8~percent chord, station 9 285 316
A38 At gap exit at 8-perceut chord, station 9 17 50
¥Wing inner ponel, skln temperatures,
°F above free air temperature
Sy Lower at 7-percemt chord, station 9 128 164
S72 | Lower at U-percent chclard., station 9 90 121
S70 On nose, station 9 65 88
§71 | Upper at M-percent chord, station 9 32 Iy
573 Upper at 7-percent chord, station 9 17 29
Wing inner panel, structure temperatures, °p
M1l On rib at Y—percent chord, station 9 93 60

I¥eglecting small amount of air flow to wing inner pemnel.
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Eﬁ;ﬁ- Flight 1 2
Bight stabilligzer alr temperatures, p
A35 | Air into gap, inbbard station 17 103
A36 At upper gep exit, inboard stetion 55 20
A37 | At lowe:I.; gap exit, inboard station 65 35
A32 | Air into gap, center station 1 131
A33 At upper gap exlt, center station 99 80
A34 | A% lower gep exlt, center stabtion 108 8l
A29 Alr into gap, outboard statlon 117 103
A30 AT at upper gap exlt, outboard station g4 50
A3l Alr at lower gap exit, outboard station 80 40
Right stabilizer ekln temperatures,
l °F above free air temperature
s67 On nose, inboard etation 28 34
868 | Upper near air exit, inboard station 23 29
569 Lower near ailr exlt, inboard station 28 24
s62 On nose, center station 76 88
S63 | Upper near air exit, ocemter station 57 64
864 | Lower near air exit, center station 52 64
865 | Upper at 20-percent chord, cemter station 23 2y
566 Lower at 20-percent chord, center atation 18 24
559 On nose, outboard station 76 g8
8§60 | Upper near air exit, outboard station 52 4y
861 | Lower near air exlt, outboard station 52 L




TATTE ITII (Continued)

Thermo- ;
couple Flignt 1 2

Right stabilizer structure temperature, op

M10 On rib, inboard station 94 65
M9 On rib, center station 1. 126
N8 On spar baffle, outboard station g0 45

Dorsal alr temperatures, °p

A24 | Air into gap, bottom stetion 306 3
A25 | Air into gap, top station 21k 225
A26 | Air at left gap exit, top station 80 50
A27 Air at right gep exlt, top station 84 55

Dorsal skin temperatures, °F above
free alr temperature

s49 On nose, top station 7 | 98
550 Loft skin near elr exit, top station 71 88
S51 Right skin near air exlt, top station 62 T4

Dorsal structure temperature, Op
N7 On rih, top station 160 155

Fin eir temperatures, °F

Al5 Alr into gap, bottom station 292 306
A16 | At left gap exit, bottom station — -—
Al7 | At right gap exit, bottom station : | 160 122
Al8 | Adr into gap, center station 171 166

419 At left gap exit, center station 117 103
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Thermo-—

couple Flight 1 2
A20 | At right gep exit, cemter station 9 60
A21 Air into gap, top station 9y 60
A22 | At left gap exlt, top station 60 30
423 | At right gap exit, .top station 70 40

Fin ekin temperatures, OF above
free alr temperature

sho On nose, bottom station 128 14k

§41 | Left sldn near air exit, bottom station 67 93

S42 -| Right skin near air exlt,.bottom station . 80 84

s43 On nose, center station 85 107

S} | Left sltin near air exit, center station 71 T4+

s4s5 Right skin near air exit, center station 71 8L

846 On nose, top station 33 39

847 Left skin near air exit, top station 28 29

sig Bight skin near air exit, top station 33 29

| Tin structure temperatures, °F

M4 On spar baffle, bottom station gL 70

) 151 On spar baffle, center statlion 131 117

M6 On spar baffle, top station 70 45
Trossure Tlight 1 2

Prossures 1n inches of water referred to cabin
static pressure (+ abcve, — below)
Pgl2 | 6-inch venturi throat static in empennage supply duct| +1.90 | +2.05
Pgl3 6-inch venturi 1lip static in empennage supply duct +5.69 +5.50




Figure 1.=-

The B-17F airplane in which
was installed and tested.

thermal ice-prevention eguipment
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Figure z.~- General
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NACA ' _ Figs. 4,5

Figure 4.- Wing outer-panel leading-edge details for B-17F
‘thermal ice-prevention system,
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Figure 5.- Wing outer-panel leading-edge revised and ready for
installation, B-17F airplane.
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NACA Figs. 7,9
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Figure 7.- Fish~-tall type duct for heating lower edge of

carburetor air intake for right outboard nacelle,
B-17F airplane.
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Flgure 9.- View inside right wing of duct from inboard exchanger
to fuselage, B-17F airplane.
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NACA Figs. 10,12
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Figure 10.- View inside fuselage of empennage heated- air
supply duct.

Figure 12.- Leading-edge rib alterations, typical for fin and
dorsal, B-17F airplane.
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NACA Figs. 13,15

NACA
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Figure 13.- Leading-edge outer skin installation, typical for
fin and dorsal, B17F airplane.

Figure 15.- Heated-air supply duct in inboard portion of
horizontal stabilizer, B-17F airplane.
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NACA Figs. 16,17,18

A

Figure 16.- Heated-alr supply duct in leading—edge of out-
board portion of B-17F horizontal stabilizer.

Figure 17.- Tail stack from outboard nacelle, B-17F airplane,
as revised to provide more transfer surface for
heat exchanger.

Figure 18.- Circulating alr intake for heat exchanger in right
inboard nacelle, B-17F airplane.



NACA Fig. 19,20

Figure 19.- Circulating air intake for heat exchanger in right
outboard nacelle, B-l7F airplane.

Figure 20.- Outlet for heated air from right outboard
exchanger, Bl7F airplane.



NACA Figs. 21,22

Figure 21.- Overboard dump for heated air from exchanger ia
left outboard nacelle, B-17F airplane.

NACA &
AAL-2834

Flgure 22.- Installation of dump-valve drive motor at exchanger
outlet in right outboard nacelle, B-17F airplane.



NACA - Figs. 23,24
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Figure 3.~ Heated-air outlet and dump valve for exchanger in-
stalled in right inboard nacelle, B-17F airplane.

in right inboard nacelle, B-l7F alrplane.
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Figure 26.- Curves showing the distance around the leading edge from top to bottom

of the front spar, and the heat-transfer coefficient for the leading edge

of the wing outer panel, B-17F airplane.
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Figure 28.- Distance around the leading edge to be covered by double skin, and
the heat-transfer coefficlent for the leading edge of the horizontal
stablizer, B-17F airplane.

82 *Itd




?

s 30

ZND OF OUTER WKWV
PORNERLY END 8 DI=
LR Boor

aas

S5 LBS. PER HR OF AR

PREJIUME 0ROP IV DUCT-
RELEAIED TO LEADING EDRE
ZYERY FOOT o 3AW

.7 WN_QF TER FROM
STA. 3O O £ND OF QT

MEAT REMOVED THROUGHN
CF. = 38,300 Fri/na.

BNFLE PLATES
SIAS. /49 D 2233

_ _LIGHTENNG HOLES SEALED OFF

ARPLANE

-

I:”F -
(WEARAGE OF (E SON)

BndA—-
eENT AR

08" 642
Pe-P3=LY M OF WATER

TON_AT STA. 9.3

L 64

s =94°F

/— Ts 2l19°F

Figure 29~ Results of design
analysis for horizontal Sstabilizer,
B-17F airplane.

P-ps 234 IN. OF PATER

SECTIRN. AT SIA-30

Syau Asr.

VYOVN

62 b



NACA

.5 LBS AP AC VAR RELEASKED 7D
LEADNG EDSE EVERY FOOT OF
Lk DISTANCE.

HEAT REMOVED THROUGM
LEADING EDGE — BLLO BIU/IR.

-
AIR_TEMR_DROP 1
250K TO /38°K
AJ/ I |
SN
< N
L
- L
f/ +
E | ; | [
I ! N
If | ! || 4
,l\ 1
L £37 L8S HR._OF AR_AT| 250° K —3/ /
9 HEAT AWLABLE _ADOVE o< -3adco arufiw. |~ 7 |
(@r10£0 BEMESN LORIAL Y AN) S
77
J
prad
e =
By /— T3 =132° F
(AVERAGE OF LE. 3XIN) = =
T'l_
Bh=0"F
(AMBIENT AR}
o0625" GAP

p: -/3.. 2 HON. OF WATER
T YPICAL _SECTION A-A"

L) EURE IO~ RE-SUL TS OF~ AES/EN ANALY TS S AOR
AN LORSAL ~ BT A AL ANLE~




VOVH

o+
8

L2

o

&>

Ot
~

& .03

-

g

Lo

o

L ] \

..;. \

[~ \

ot

§ 01 \

© \\

: 9
o

£4

: AN

0O 4 6 8 10 12 14 16

Spanwise distance

meagured from station 194, wing outer panel, ft

Figure 3l.- Pressure drop in wing outer panel duct, B-17F airplane.

18 “?TL



WACA Fig. 32
21 // 4-/
. » /
'ﬁ*: 10,000 ft-"'/+, ~=45,000 £t—|
.. B ] / .
'g BP V. /
s Z
2 J,//)‘*
B / 4
13 4 7:‘_ /
0
k| B
]E 200,000 Ef""”'+‘\——"
m
- //
g =
B8
+ 100,000
3
==
0 1,000 z, 3,000 4,
E 6 Air-flow rate, 1'b/hr
@ Vd
g‘cg\‘ 4 f/
5 2+
g 1%
gg 2 4//+
0
0 1,000 2,000 3,000 4,000 5,000

Exhaust-gas flow rate, lb/hr

Figure 32.- Flight test data for B-17F right-
inboard heat sxchanger installed on
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o—A/l thermocouples on or above wing or

stabilizer & oron left side of dorsal & fin

+-All therrmocouples below wing or stabilizer

¢ or on right side of dorsal & fin ¢ .

o- Fressure orifices

Note: Dash numbers following thermocouple

numbers indicate 7Fype of mounting
as ~detaifed in fig. 34

Figure 33.— Location of thermocouples and pressure orifices for
tfesting pertormmance of B-/7F thermal ice-prevertion system.
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