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ABSTRACT 

Special airborne equipment was developed for measuring the thermal radiation 
from submarine wakes under various operating conditions. Flown in a blimp at 
2000 feet at 30 knots, the equipment scanned a 2300-foot-diameter circle on the 
surface of the sea at 43 rpm. It employed a 4~-inch-diameter, f-0.5& s~herical 
mirror and two halves of a compensated thermopile which described a 5 -5 -5 ° x i 0 

optical field-of-view. The field-of-view, whenprojectedon the surface of the sea 
from an altitude of 2000 feet, consisted of two equal areas 200 feet wide by 23 feet 
high separated by 200 feet. Complete coverage of the sea was attained by the cir­
cular travel of these projected areas around the scanning circle and by the forward 
motion of the blimp which converted the circle into a tight spiral. In this manner, 
the field-of-view crossed the wake and permitted irradiation of the thermopile 
twice per complete circular scan. The resulting voltage pulses were amplified 
and presented on a polar coordinate oscilloscope, a facsimile recorder, and an ink 
recorder. An operational E. N. I. (Equivalent Noise Input) of 10-9 watts/cm 2 

l!.3 x 10-7 watts) was realized from the equipment. The noise level was determined 
by the equipment and was ~ue to vibration. No "optical noise" from the surface 
of the sea was observed. . 

Preliminary measurements made off the New Jersey coast at night showed that 
the thermal radiation from the wake of a submarine submerged to depths of from 
75 to 200 feet was easily measurable up to 3 miles astern. 

More extensive measurements were made at night in the Key West area with 
a Guppy-type submarine as a target. The thermal radiation from the r<lkes in 
this area was so small that only occasional detection was possible. Satisfactory 
measurements could not be carried out. Poor atmospheric transmission and low 
temperature contrast (0.05°C) between the wake and surrounding water were the 
determining causes. 

It was concluded that the E. N. I. of the equipment was satisfactory if employed 
against wakes with a._l°C contrast but that an improvement in the E. N. I. of the 
equipmentof at least 10 times is necessary if it is to be employed against wakes 
such as those encountered in the Key West area. The required improvement in the 
E. N. I. appears feasible. 

PROBLEM STATUS 

This is an interim report on the problem of measuring the thermal radiation 
from the wakes of submerged submarines. Work on this problem is continuing. 

AUTHORIZATION 

NRL Problem N03-19R (BuAer Project Number TED-NRL-EL-8-A-345 as 
established by BuAer ltr Aer-EL-84, Serial 0655, 26 1anuary 1949). 
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INTRODUCTION 
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AIRBORNE MEASUREMENTS OF THERMAL RADIATION 
FROM SUBMARINE WAKES IN THE KEY WEST AREA 

The feasibility of detecting the approximate position of a submerged submarine by ob­
serving the thermal radiation from its wake1 with airborne detection equipment was demon­
s trated al most a year ago by a series of airborne measurements made at ni ght in the New 
London-Block Island area.2 •

3 The results of these measur ements were very encouraging. 
However, the work was carried out at only one geographical location under one set of wea­
ther conditions. In addition the makeshift equipment employed proved itself unsuitable for 
any airborne application of this type. 

As a result a problem was established at this Laboratory by the Bureau of Aeronautics 
for the purpose of developing more suitable equipment and, with it, investigating the thermal 
r adiation characteristics of submar ine wakes. It was desired to determine the relationship 
between the magnitude of the thermal radiation from the wake and such variables as the sub­
mari ne's depth and speed, the distance astern the submar ine, the ver tical temperature gra­
dient in the water, sea states, and weather conditions. 

New airborne equipment for measuring the thermal radiation from submarine wakes 
was developed to fulfill the requirements indicated by the earlier measurements with im­
provised gear. Designed to be flown at 2000 feet up to 30 knots, it was installed in a U. S. 
Navy blimp at Lakehurst, N. J., during the latter part of May 1949. After a number of 
ushakedown" flights were completed, formal measurements wer e made of the thermal r a­
diation from the wake of a submerged Guppy-type submarine operating in the Gulf Stream 
off the coast of Key West, Florida. 

This report describes the equipment employed and the results obtained therewith, a 
brief summary of which is given on the following page. 

1 The wake (,ro111 a t otnlly subm.e r ~ed subntart ne t s a CO'TIPle t ely developed , narrow sttp o f I 
wnter whtch has slowly rtsen to the surface at some dista nce aste r n the tar~et and ts pr o­
d1,ced b.1/ the action of the subMrlne 's screws . It should not he confused wtth the much 
wider bow ,,Jllke, pertsc()pe wake, or sc hnorkel Ivake vroduced b.1/ n Dart ly suhmer ~ed sub111artne . 
Nor should tt be conf used 1JJi t h t he bubb le formation whtch appenrs im.m.ed ta t e ly as t er n a sur­
faced s ubm.nr t ne . 
2 Harvey, ,;. L., "The Detect ton of schnorkelll~ sub111nr tnes by I nf r ared, " u . s . Navy Under­
water sound Labor atory Rpt. No. 101, September 30, 19&8 (Conftdenttal) 
3 Clar k, fl. £., "A trborne 'feasu.r ernent s of the Ther mal Radtat t on from the schnorkel a nd wake 
of t he u . s.s. ooUt sh:1 Nava l Research Laborot or y RPt. No. N-3386, November 22 , 191,8 tconf t ­
denttal) 

.. 1 
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(a) The minimum delectable flux densily of radiation was 10-0 walls/cm 2, or 
1.3 x 10-7 watts focussed on the thermopile. Optical noise composed of 
random fluctuations in radiation from the sea produced signals smaller 
than the system could detect; hence, further increase in sensitivity in 
new designs of submarine detectors is possible before random signals 
from the sea become the limiting factor. 

(b) Over the Atlantic Ocean near Lakehurst, New Jersey, at latitude 40°N, 
at night, the wakes of submarines operating at depths of 75 to 200 feet 
were readily detectable from altitudes of 50 to 2000 feet. The wakes 
were detectable two or three miles astern of the submarine and could 
be followed in to the target. Direct-contact temperature measurements 
of the wake and the surrounding sea were not made. Earlier measure-
~ts in the New London area showed that a temperature rtifference of 
~ between wake and surrounding sea may occur. 

(c) Over the Straits of Florida near Key West and in the Gulf Stream, latitude 
24 ° 30' N, at night, wakes of submarines of known position were barely 
detectable. 

Contact water temperatures made during the tests by representatives 
of the Naval Air Development Center showed that wake temperatures 
were 0.05° C to 0.17° C colder than the surrounding sea. These numbers 
may be compared with a temperature difference of about 1° C encountered 
in the New London area in 1948 and thought to have existed during the 
Lakehurst tests. The vertical transmission of the atmosphere at Key 
West was low because of high humidity and low clouds. Observed in­
frared signals were in fair agreement v.ith signals computed from t~ 
measured temperatures and estimated atmospheric transmission. ✓ 

These results lead to the conclusions that infrared detection equipment sensitive to 
signals of 1.3 x 10-7 watts would permit detection of submerged submarines in many areas 
of the seas where pronounced vertical temperature gra~nt~&fil- Furthermore, reduction in op­
tical noise from the sea by the new scanning system indicates that the use of larger opti-
cal systems to increase sensitivity until optical noise again appears may permit detection 
of submerged submarines in areas of the seas where conditions like those encountered near 
Key West exist. 

The effect of depth of target on detection has not been fully explored, and it is not yet 
known whether sun glints on the water can be sufficiently suppressed, even with the newest 
infrared filters, to permit daylight use of the equipment. 

EQUIPMENT 

Operating Principle 

The complete equipment is shown in Figure 1, and its functions are depicted in the 
block diagram of Figure 2. It consists of an optical system in which is mounted a com­
pensated thermopile, a low-signal-level amplifier, a facsimile recorder and its associ­
ated amplifier, a polar coordinate oscilloscope, and a two-channel ink recorder and its 
associated amplifier. 

The optical system is mounted so that its optic axis is inclined at an angl~ 9j_ 30° to 
a vertical axis.about which the system rotates. Designed to operate at an altitude of -

oECLASS\f\ED .. 
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l2 

7300' CIRCLE 

Fi~ure 3 - Operntin~ condition of detector 

2000 feet, the optical system scans the periphery of a 2300-foot-diameter circle on the 
surface of the sea (Figure 3) at 43 rpm. The forward motion of the airship transforms 
this circular search pattern into a tight spiral. Complete coverage of the search area 
(no holes) is possible at airship speeds up to 11 knots. However, because a wake is a long 
target, airship speeds up to 30 knots can be tolerated without decreasing the detectability 
of the wake. 

The field-of-view of the optical system projected upon the surface of the sea consists 
of two equal areas approximately 200 feet wide by 23 feet high separated by a distance of 
200 feet. These areas lie on the periphery of the scanning circle. The width of the pro­
jected field-of-view is approximately equal to the width of a typical submarine wake 4000 
to 6000 yards astern the submarine. 'I'he choice of field-of-view was influenced by the 
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desire to maximize the efficiency of the system4 when operating as far astern the subma­
rine as practicable. Beyond U1e 4000- or 6000-yard point in a wake, the thermal radiation 
signal is usually so small because of the physical dispersion of the wake that equipment 
designed to operate efficiently beyond this point is impractical. On the submarine side of 
the 4000- or 6000-yard point. the thermal radiation signal from the wa ke increases as the 
submarine is approached, and hence the question of the efficiency of the system is of less 
importance. 

As the optical system sweeps around the periphery of the 2300-foot-diameter circle 
on the surface of the sea, first one half and then the other half of the optical field-of-view 
sweeps across the wake, thus allowing each half of the compensated thermopile mounted 
within the optical system to view the wake. As a r esult of this type of irradiation, the 
thermopile generates an isolated positive and negative lobed pulse (Figure 4a) . Since the 
optical field-of-view usually crosses a wa~e twice per complete circular sweep of the 
optical system, two such voltage pulses are generated per complete scan. These voltage 
pulses are then amplified and assume the shape of a ram's head (Figure 4b). If the sub­
marine's wake is colder than the surrounding water, the ram's head is right side up; if 
warmer, it is upside down. 

The amplified voltage pulses are then presented on the facsimile recorder, the oscillo­
scope, and the two-channel ink recorder simultaneously. The pulses are fed directly to 
the oscilloscope (Figure 2) but undergo further amplification before being viewed on the recorders. 

The facsimile recorder is driven from the rotating optical system assembly by means 
of a mechanical linkage. One lateral sweep on the recorder corresponds to one complete 
rotation of the optical system. The signal pulses appear as dark or light spots on a normally 
grey line (Figure 5a), the intensity of the spot being roughly proportional to the magnitude of 
the signal pulse. The recorder paper advances slowly thus allowing one complete trace to 
appear slightly below the pr evious trace. A series of such traces reproduces an approximate 
thermal radiation picture of the search area. Since the circular scan results in the crossing 
of the search area twice per scan, the resulting recorder pattern consists of two separate 
patterns (Figure 5a) corresponding to each half of the scanning circle. This type of signal 
reproduclion is employed to show whether those hot or cold spots on the surface of the sea, 
which are responsible for the background "optical noise," possess a~rderly arrangement 
which might lead to their being confused with an actual wake. i/' 

• Cl ark, If . L . anrl Trtr_kf;r , J . w., "rhP. Dr.r>endence of Sii; 1ial-t.o-NnlsP Ha l lo on Jm.afie }/ 
stze in the Pulse-T!JPI? compensnterl fhf.irmal Detector ," VI/!, R~pnrt ,V-3&!5 , fl f e/Jrruzr11 19/49 Q 
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The two-channel ink recorder is driven independently from the optical system. Syn­
chronization is achieved by means of a microswitch attached to the scanner which indicates 
the completion of one scan by momentarily applying voltage to one channel of the recorder. 
The resulting recorder deflection (Figure 5b) serves as an aid in evaluating the trace due 
to the signal pulses which appear in the second channel. This type of signal presentation 
is employed to provide a record of the magnitude and polarity (hot or cold) of the thermal 
radiation from the submarine's wake. 
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The oscilloscope serves as a monitor for both recorders. It employs a circular sweep 
synchronized with the scanner. In the absence of any signal, the trace which appears on the 
screen of the oscilloscope is a circle. The signal pulses appear as radial deflections from 
the circular trace (Figure 5c) or as variations in the intensity of the trace (Figure 5d), 
whichever is desired. The oscilloscope pattern is thus an exact reproduction of the circle 
being scanned on the surface of the sea. The angular positions of signal appearing on the 
oscilloscope correspond to the bearing or orientation of the wake relative to the airship. 

DECLASSIFIED 
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Characteristics 
The optical system (Figures 6a and 6b) 

consists of a spherical collecting mirror with 
an effective diameter of 4-1/2 inches and a 
focal length of 2-1/4 inches. Mounted in the 
focal plane of the mirror are the two halves 
of a compensated Eppley thermopile (resist­
ance - 9 ohms, time constant - 0.1 secs, d-c 
sensitivity - 0.004 volt/watt"lcm2). Each half 
of the thermopile is 0.2 inch ~de by 0.02 inch 
high and generates a field-of-view approxi­
mately 5° wide by ½ 0 high. The separation 
between halves is 0.2 inch or 5°. The system 
is closed off and made watertight with a treated 
AgCI (Clago) window, the transmission char­
acteristics of which are shown in Figure 7. 

The frame to which the optical system 
is attacher at a 30° angle also supports the 
amplifier. Amplifier and optical system ro­
tate together thus obviating the necessity of 
passing the low-level si~als from the thermo­
pile through slip rings. j The amplifier (Figure 
8) is constructed on a large circular plate 
suspended by springs from the rotating frame 
(Figure 9) in order to minimize vibration. 

Fi~ure 7 - Tr,m~mission characteristics 
of A~Cl (CiR~o) window 
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Additional precautions against interference from vibration include multiple magnetic 
shielding of the input transformer and careful selection of the input tube. The amplifier's 
response characteristics are shown in Figure 10. Tuning and selectivity are determined 
by the duration of signal pulses to be amplified, which in turn is determined by the 43-rprn 
scanning speed of the optical system. 
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The scanning speed is approximately twice that necessary to realize optimum output 
from the thermopile. As a result of the short irradiation time, the thermopile output is 
considerably ·reduced. However the pulse duration is shorter, thus making it possible to 
operate the amplifier at higher frequencies where th,e flicker noise from the input tube is 
considerably less . An actual improvement in si~-to-noise ratio is realized in this 
manner in spite of the loss in thermopile output. The measured noise level of the amplifier 
operating from a 9-ohm thermopile into the high-speed ink recorder is 2 x 10..o volts. 

Power for the amplifier is derived from a dynamotor-type power supply (Figure 11) 
which operates from a 24-volt battery separate from those of the airship. Filament power 
is supplied directly from the battery. Plate supply voltages are produced by a single 
dynamotor whose output is split up and regulated in two separate channels . One channel 
supplies the first two stages of the amplifier, the second channel supplies the last two ,-
stages. Such an arrangement eliminates any possible regenerative feedback through the ../ 
power supply which can produce unwanted low-frequency oscillations in the amplifier. 

-All power supplied to the amplifier and all signals produced by the amplifier pass 
through slip rings (Figure 1) situated above the rotating frame. The slip rings are of the 
low-noise-level type consisting of silver rings and multiple silver-graphite brushes. No 
electrical interference (contact noise) was observable from these rings in this application. / 

Because of the bad vibration aboard the airship, high-signal-level amplifiers occasion­
ally become microphonic under the sustained vibration. When a number of such amplifiers 
are cascaded, the problem of locating and eliminating the source of trouble becomes diffi­
cult. For this reason, the output of the pulse amplifier is presented on a Dumont type 
275-A polar coordinate oscilloscope before undergoing further amplification for recorder 

DECLASSIFIED 
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presC'ntation. The- oscilloscope not only acts as a monitor hul alc;o f;<'rvcs as a means for 
signal presentation when the components which fnllow fall. The normal synchronous cir­
cular s weep cmployt:id in this oscilloscope is genera.led by a two-phase permanent magnet 
~enerator geared to the scanning mechanism. Exter nal terminals on the instrument per ­
mit presentation of the signal pulses ;u; intensification of the circular sweep pattern or as 
radial deflections from the circular pattern. 

After being monitored, the s ignal pulses are a mplilied further by a Brush type BL-906 
low-frequency amplifier ;rnd are presented on one channel of a two-channel Drush type 
BL-202 ink recorderLhe frequency response of a mplifier-recorder combination is flat 
from t cps to 80 cps and hence does not modify the frequency characteristics of the system. 
Tape speeds up to 5 inches/sec allow a s preading of the time base so that the shape of the 
signal pulses can be examined in detai l. The synchronizing markers which appear on the 
second channel of the recorder once every complete revolution of the optical system 
further facilitate the evaluation of data. For example, unless two signal pulses appear for 
every one synchronizing marker, it is fairly certain that a wake is not pr oducing t hem. 
Furthermore, unless at least twenty-five sets of signal pulses appear in succession (result­
ing from a 30-knot right-angle wake crossing at 2000 feet), it is also fairly certain that a 
wake is not the producing agent. This, of cours e, assumes that the wake is continuous for 
at least 1000 yards and does not have sections "washed out" of it, as may be the case 
occasionally. 

Further amplification of the signal pulses for presentation on the facsimile recorder 
/ ~provided by a two-stage power amplifier (Figures 1 and 12). A cathode-follower out­

put stage of high transconductance is employ!d to mark the recorder paper and accommo­
date the large variations in paper impedance-produced by the varying signal level. Switching 
at the input to the QC>Wer amplifier permits the ram' s -head-like signal to appear on the 
recorder either as.'iight-dark-light trace or as a dar k- light-dark trace. The recorder 
tape is 8-inch Aliax type 5 llA-693 electrolytic paper and is employed with a monel helix 
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/ 
wire and platinum-iridium printer bar. Gearing between the paper drive mechanism and 
the helix allows the paper to advance 1/32 inch for each revolution of the helix, which in 
turn is driven in synchronism with U1c optical system by means of a flexible shaft. 

The measured signal-to-noise ratio of the entire system varies with the method of 
signal presentation. The best signal-to-noise ratio is obtained with the facsimile recorder. 
That for the polar coordinate oscilloscope is approximately two times poorer and that 
for the ink recorder four to six times poorer. However, since it is the purpose of this 
problem to measure and record the magnitude of thermal radiation from the wake under 
various conditions rather than merely to detect the wake signals, only the signal-to-noise 
ratio of that portion of the system which includes the ink recorder is of interest. The 
E.N.I. (Equivalent Noise Input for a signal-to-noise ratio of unity) of the ink recorder 
portion measures 4.0 x 10..1° watts/cm2 or 4.2 x 10-e watts in the laboratory. This value 
increased two to three times in the presence of airship vibration. ~ 

SHAKEDOWN TESTS AT LAKEHURST 

The equipment was installed in the K-113 (ZL-7), a U.S. Navy blimp, at Lakehurst, 
New Jersey, in May 1949, and a number of flights were made at night off the New Jersey 
shore. Most of the flight time was utilized in getting the "bugs" out of the apparatus using 
the wakes from passing surface ships as targets. 

Upon one occasion however, a submarine was made available. Although the test with 
the submarine was intended primarily as an operational exercise with the M.A.D (Magnetic 
Airborne Detector) gear, it was possible to employ the thermal-radiation measuring equip­
ment also. The first run involved evasive tactics by the submarine at a depth of 75 feet 
while the blimp searched the area at altitudes varying from 50 to 100 feet. The thermal 
radiation gear picked up the submarine's wake immediately and permitted a direct ap­
proach to the-target where the M.A.D. gear made contact. The same maneuver was re­
peated with the submarine at a depth of 125 feet, and again it was possible to approach the 
target immediately and allow the M.A.D. geaf "to make contact. Typical wake signals are 
shown in Figure 13.5 

•· 
At the conclusion of the exercise, l)le blimp 9.nd submarine were made available for 

further thermal-radiation measurements. With the blimp at an altitude of 2000 feet and 
the submarine cruising at a depth of 200 feet, thermal-radiation signals from the sub- / 
marine's wake were observed to be only one half as large as those obtained previously. 

Although the exact position of the submerged submarine was never known during 
these tracking operations, it was estimated that the wakes were "picked up" by the airborne 
gear somewhere between 2 and 3 miles astern the target. At the times that they were 
detected the wakes were 25 to 35 minutes old. 

Measurements were also made with the submarine cruising on the surface. No signals 
were observed from any portion of the wake at altitudes varying from 200 to 2000 feet. 

5 
The irre~ularities present tn these traces are due to the variations tn the surface 

therm.al structure of the wake which could be resolved from these low altitudes (50 - 100 
feet). At the equipment's operating altitude (2000 feet), the projected field-of-utew of 
the optlcal system, ts lar~e eno~h to naverate out" these variations. 
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sue: 125' 
BLIMP: 100' 
SENSITIVITY: 6 x 10-10 W /cm 2 • I DIV 
TIME: 1830 
DATE: 5-31-49 

- i-----ONE COMPLETE SCAN----

111 Ill lf)~I- H-lf4 i~l-+l-~H-l4 _71-+4: 

--NOISE--•-------- SIGNAL-------~-NOISE--

Fi4ure 13 - Tvpical submarine wake si4nals obtained off 
Lakehurst, New Jersey, 31 MRY 1949 

13 

It is believed that the vertical temperature gradient of the water in which the subma­
rine was operating was such that the water churned to the surface by the submarine's 
screws was colder than the surface water only if it came from a depth of 75 feet or greater. 
Water brought up by the surfaced submarine was the same te~erature as the normal 
surface water and hence could not be detected thermally. / 

Upon completion of these measurements, the blimp headed toward shore. Approxi­
mately 45 miles from the New 1ersey coast and 5 miles from the operational area, strong 
wake signals were again observed. A few moments later the M.A.D. gear made a contact. 
No targets other than the submarine with which the exercise had been _}}Onducted, were 
visible. It W¥ coilud¢ that another submarine was in the area. //nr / 
~/ { h ~q / - ,/ / 

~ 

MEASUREMENTS AT KEY WEST 

Airborne Radiation Measurements 

Formal airborne measurements were conducted in the Gulf Stream east of Key West 
during the nights of 16, 17, and 21 lune 1949. A Guppy-type submarine, the U.S.S. Cutlass, 
was employed as a target operating at various depths and speeds. Airborne measurements 
of the thermal radiation from the resulting wakes were made from the airship by the NRL 
group. Simultaneous measurements of the actual water temperature in and around the 
wakes were made from aboard a surface craft, the U.S.S. EPCS-1431, by ASW Development 
Branch personnel from the U.S. Naval Air Development Center. The results of .the surface­
temperature measurements are reported elsewhere.15 

8 '/lest, n. L., "Surface Keasurements Taken on Thermal Wakes Generated by submarines," 
USNADC Report No. ADC-50-50, 8 November 1949 

DECLASSIFIED 



14 

DECLASSIFIED 

N A V A L Ir E. 5 r; A H C II L A O o II I\ I O U Y 

--

----, 
~ ......... 
--) 

,,.,,.- SURFACE 
--0 VESSEL 

\ • 

Fi ~ure 14 • Tnctics employed durin~ 

mensurements at Key We~t 

Till' t:-i<"lic:; 1•111pl11y,:<I arr! <h·picl~d 
1"if(lli'C? 11. The 1;111,mar inc: :;larh;d its 
run frm11 point /\, which vr.1:; marked 
by a flan• dropp1·cl fn,rn Ilic: lilirnp. 
ThP submarine procccdc<l al Uu: d<:­
sin:d dC'plh and spt•cd on :1 slraif~ht­
linc <·out sc relc.11;ing a flare every 
1000 yard1;. These flares were immedi­
ately replaced by longer-life flarcsfrom 
the blimp. Since U1e smoke and fumes 
from the flares gave indications on the 
airborne r;ear very similar to those 
given by the wakes, the submarine's 
course wns always chosen to be at right 
angles to the prevailing wind so that the 
smoke and fumes could be blown away 
from the wake. The danger of identify­
ing the thermal radiation from the flare 
smoke as wake radiation was thus mini­
mized. After each flare was dropped, 
the blimp circled that flare several 
times and thereby allowed a number of 
radiation measurements to be ta!cen at 
that point on the wake . Dnring these 
maneuvers, it was possible to locate the 
position of the wake very accurately by 
merely "lining up" the flares visually . 

After the submarine had reached 
the midpoint of its run (point B of Fig­
ure 14), the surface craft, which up until 
now had been lying to, commenced a 
zig-zag run back and forth across the 
submarine's wake heading toward the 
starling point of the run (point A of 
Figure 14). Water-temperature meas-
urements were made during this run. 

Meanwhile, additional airborne radiation measurements were made further up the wake 
behind the submarine. In this manner, almost simultaneous measurements from the air 
and from the surface were made without interference with each other. 

When the submarine had completed its run, it proceeded to anewoperatingar ea wher e 
the same procedure was repeated. The use of a Pew operating area for each run helped 
insure a fresh watez; surface unmarked by the older wakes from the submarine and surface cr aft. 

Of the hundred or so passes made across the wake by the blimp during the tr.ree-day 
trials, none produced airborne measurements 7 of any value. The wake could be detected 

7 These m.:?asure111P,nts were concerned with the self-ratitnt ton fror.r the cnr.:olet1>.ly developed 
wake of a submer~ed submarine and 11.>ere Mde tn total darkness. They should not be con­
fused with the mr>nwremP.nt nf rnrltntton re.{lecterl from the turbulent ,~ater s tmnw:iiat/31µ 
astern a surface submartno quch as have been describ"i ln an grI::;t,rznn Kmnk report , "Sub­
marine Rar.liatton survey wllh Dove KJJe at Kell J(P.St, Jrmt: 27-29, 1~49" (rontrr.ct ,\'Qrrf. 9979) . 
The re(lectnrl radiat ton from bnbbles immert lately aft n 1rnrfacetf :.ubmnrine mny be lO to 
100 times er1rnter than thP. self-rad tat ion from the wake of n totnlly srmmeriJed submnrtne. 
such bubbles are not present in the wnke of a ro111olete ly s•wmereert sub mar tne. 
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occasionally, bul lhc sif~tials were never of suffi cient maguiludc lo be of good measurable 
quality. The uif~l~<'st signals obtained, shown in Fir~ures 15, 16, 17 and 18, varied between 
1.0 x 10-9 w, cn1 (Fi~urcs 15 and 16) and 2.5 x 10-11 w/cm2 (Figures 17 and 18). In no 
case was the signal-to-noise ratio greater than two. 

Since signal-to-noise ratios of at least 5 and preferably 10 are required for reliable 
measurements, and since it became increasingly evident as the trials progressed that 
such signal-to-noise ratios were not going to be realized in the Key West area,8 termina­
tion of the measurements was effected after the third flight. 

Correlation of Airborne and Surface M easurements 

In order to correlate the contact temperature measurements of the wake and surround­
ing water, which were made from the surface vessel, with the thermal-radiation measure­
ments, which were made from the blimp, it is necessary to make the followingsimplifying 
assumptions: 

(1) The wake and surrounding water are black bodies. 

(2) The wake and surrounding water have emitting surfaces of uniform 
temperature. 

(3) The radiation from the wake obeys Lambert's cosine law in the plane 7 
at 90° to the wake but the optical system always lies in the plane of 
the wake.9 

( 4) The linear dimensions of each half of the field-of-view of the airborne 
optical system projected upon the surface of the water do not exceed 
the dimensions of the wake. 

(5) The optical system scans across the wake at right angles at a rate 
commensurate with the speed of :response of the entire airborne system 
(determined in this case by the time constant of the thermopile). 

(6) The entire system measures the difference between the thermal 
radiation from a cross-sectional slice of wake and the thermal radia­
tion from an equal area of adjacent water. 

11 rwrne results were not pntirely unexpected . gar lter measurements of the mtcrothermal 
structure of the '"ater tn the Ke11 '/lest area (re ported in Urtck, R- J. and Searfoss, c. w., 
"Hlcrothermal structure of the Ocean Near Ke ll west, F'lorida, Part I - Descrtpt ton," NRL 
Re Port S-.3392, [}P.CP.mber 1948) clearly ind teated that large uert teal temperature grad Lents 
near the surface of the water, which are necessary for easy wake detect ton by thermal­
radlat ton m.eans, seldom extst tn the Gulf stream. Poor atmospheric transmission, whtch 
was dedur.Lble from available wet- nnd dry-bulb thermometer readings taken tn that area, 
was also pxoocted. 

• The as1iumptton that the optical system ltes in the plane of the wake obutates the 
necessity of constderi~ the uartation tn target st~nal due to the costne law in the per­
r>endicular plane 11S ncxitfted by the beart~ of the ont teal syste11. wtth respect to the wake. 
[n such an assumption the ooxinrnm error, whtch occurs when the opt teal system actllOlly lles 
tn the perpendtcular plane, is only equal to 1 - cos 30° or 13%, Lt U: ! / 
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SUB: SGHNORKCLLING, 60', llkts 
BLIMP: 2000', 1000 yds. ASTl:.RN 
SENSITIVITY: 6 x I0-io W/cm'I. e I DIV. 
TIME: 2100 
DATE: 6-16-49 
HUMIDITY" 72°/76° -- ONE COMPLETE SCAN 
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NOISE SIGNAL 

Fi~ure 15 - Radiation From wake of schnorkelLin~ submArine (6-16 -49 ) 

sua: as: Bkts. 
BLIMP: 2000', 500yds.ASTERN 
SENSITIVITY: 6>t 10- 10 W/cm2 e I DIV 
TIME: 2330 
DATE: 6 - 16-49 
HUMIDITY: 72°/ 76° 
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NOISE SIGNAL 

F.it1ure 16 - Radiation from w.~ke of submarine Rt 85 feet (6-16-49) 
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--NOISE:.-.+-~------------SIGNAL----- --

Fi~ure 17 - R-"di:ition from wnke of schnork('[lind submarine (6-17-49) 

SUB. 60', 8 kts. 
BLIMP'. 1000' 1 IOOOyds. ASTERN 
SENSITIVITY'. 3 x 10-10 W/cm 2 • I OJV. 
TIME: 2100 
DATE: 6- 21· 49 
HUMIDITY: 72.5°/74.5° 

ONE COMPLETE SCAN 

Fidure 18 - RRdintion from wake of s11bm11rine 11t 60 feet (6-21-49) 
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Figure 19 • Simplified conditions 
of measurements 

Wilh these assumptions ano rctcr­
cncc lo Figure 19, one can express the 
difference between the wake and adjacent 
water radiation which is available at the 
airborne optical system as 

tJ.cp = ~ ;r a (T/ - To")T watts (1) / 

where h = height of the thermal element 
receiver employed in the opti­
cal system (cm), 

w = width of the thermal element 
receiver employed in the opti­
cal system (cm), 

D = diameter of the aperture of 
the optical system (cm) , 

F = focal length 9t t)le optical sys­
tem {cm), , /A-~ 

G = Stefan-Botzman constant (5. 72 
x 10- 12 watts cm- 2 deg- 4 ), 

T1 = temperature of the surface of 
the wake (degrees Kelvin), 

T0 = temperature of the surface of 
the adjacent water (degr ees 
Kelvin), 

T = total transmission of the atmos­
phere over the optical path be­
tween the wake and the optical • 
system (percent). 

If the difference in temperature be­
tween the wake and adjacpnt water, tJ.T, 
is 2° or less, the radical,in equation (1) 
can be closely approximated by 

(2) 

Equation (1) therefore becomes 

tJ.cf> = h ;
02 

utJ. TTo3 
T watts (3) 

or 

h wD
2 (tJ. T) ( •) t:.cp = --

2
- -- u To T watts. 

F To 
(4) 

Equation (4) states that the difference in radiation between the wake and adjacent water is 
some fraction, ( t:.T/To), of the radiation from the adjacent water ( crTt). Thus if the tem­
perature of the water is 300° K (27° C) and the wake is 0. 1° C colder, the difference between 
the wake and adjacent water radiation is 1/3000 of the absolute radiation from the adjacent 
water. For ease in calculation, the function ( uT t) has been calculated and plotted in Figure 
20 for the ra:nge of water temperatures normally encountered in practice. 
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Equation (4) may be written in a morn u:~1iablc form by cxpressinr! the linear dimen­
sions of the sensitive receiving clement, h an<l w, and the focal lcn~th, F, of lhc optical 
system in terms of the vertical and horizontal angular dimensions of the optical ficld-of­
view, a and f3. From Figure 21a, the following relationships hold 

h < 50 Q - F 
radians a -

w < 50 /3 = 
F radians {3 

Thus 

For the equipment employed at Key West, 

a = ½ 0 
= 0.0087 radian 

f3 = 5 ° = 0.087 radian 
D = 4½"= 11.5 cm . 

Hence equation (7) becomes 

1lllllr 

crTo4 

0060 

0.0~ 

.. 
ir 
~0040 .... 
~ 

0010 

240 260 270 280 290 300 310 
DEGREES KELVlN( •c + 273) 

Fiture 20 - Portion of blackbody radiation curve 
applicable nt sea temperatures 
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The surface contact temperature mc:u:uremcnl/:10 ~;howcd lhat the difference Jn tem­
perature between the wake and adjacent water averaged approximately 0.05"C <Jnd never 
exceeded 0.17°C. If it is assumed that the temperaturn of t.hc waler is 300°K (27°C), then 

and from Figure 20 

Thus 

( AT) = 1.67 x 10-4 

To average 

( 6.T) - 5. 7 x 10-4 

To maximum -

A(/, average 
6.(/, maximum 

"' 7.9 x 10-7 
T watts 

= 2.6 x 10-0 
T watts. 

(9) 

(10) 

(11) 

During the airborne measurements the absolute humidity varied between 3.4 and 4.1 
cm of precipitablt:: water per sea mile ( 2000 !'dS). For the optical path lengths employed, 
this amounts to a total atmospheric transmission of from 30% to 40%. In addition, con­
siderable haze was present at all times in the optical path. Occasionally low-hanging 
clouds were also present, although an effort was made to keep below them. 11 It is there­
fore estimated that the total atmospheric transmission for the optical path lengths em­
ployed varied between 10% and 30% with an average of 20%. Thus 

A(/, average 
A(/, maximum 

= 1.6 x 10-1 watts 
== @x 10-7 watts. (12) 

The results obtained directly from the air and shown in Figures 15, 16, 17, and 18 
are approximately 1.0 x 10-9 w/wfn~ and 2.5 X } Q-

9 w/cm2, or 

Al/> average ' = : .3 ,r. 10~• wattfo 
Alf, maximu...i' = 2.6 x 10-7 watt:.;. •o , . (13) 

A comparison of equations (12) and (;,") shows that good agreement exists between 
the calculated an~,,measured values of aver,ge radiation but that the measured maximum 
value is three times smaller than the calci:, .. ated value. The lack of agreement is probably 
due to the fact that the wakes were spotty along their length and that the blimp never flew 
over the exact spot at which the maximum surface temperature difference was observed. V 

The agreement betwe'tn the airborne radiation measurements and the surface tem­
perature measurements leads one to believe that satisfactory airborne measurements could 
have been made in the Key West area had the E.N.I. of the airborne equipment been 
smaller. 

10 West, B. L., loc. cl t. 

11 S0me clouds 1,1ere ns low as u00 fePt nboue sea leur?l. 
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F'i!ltrre 21,, - Generalized parameters of opti'cal system 
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Figure 21b - Par."lmeters of improved optical system 

OPTICAL NOISE LIMITATIONS 

21 

At no time during the tests at Lakehurst or during the measurements in the Key West 
area was it possible to observe "optical noise" from the surface of the sea. The noise 
level in the gear was due primarily to microphonics in the input stage of the amplifier and 
was produced by the vibration of the airship. Therefore by simply increasing the "gain" 
of the optical system the signal-to-noise ratio of the equipment can be improved up to the 
point where the "optical noise" predominates. Once the "optical noise" level has been 
reached, further major improvements in the over-all signal- to-noise ratio of the system 
are not possible. In other words the "optical noise" from the surface of the sea.presents 
a basic limitation to this method of detection. 
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However, unlike the comlitious cucounlerecl durinf~ lhc previous mea:;urcmc.:nls in the 
New London ar<'a

12 
this basic limitation has not yet been rcachc:d wllh lhc pre~;cnt equip­

ment. This fortunate situation can l>e attributed to two faclorn. The firnt is the choice 
of the shape and size of the optical field-of-view and the method of scan employed by the 
present equipment, all of which lend to minimize the "optical noise". The second is the 
apparently smaller "optical noise" due to the near uniformity f temperature of the sur­
face waters in the areas chosen for the measurements.'3 04 , 

Absence of a temperature gradient in the water helps to insure a uniform radiating 
surface since the water boiled~to the surface by natural agents such as the wind is of the 
same temperature as the surface water. This same condition may also bring about small 
wake signals. Thus it is entirely possible that, when small wake signals are ~ountered, 
"optical noise" of a proportionally small magnitude may also be encountered. Hence it 
is imperative that the signal-to-noise ratio of an airborne thermal-radiation detector 
be determined solely by the "optical noise" from the surface of the sea under all weather 
conditions. -

Surface temperature measurements in the Key West area revealed that the surface ,/ 
of the sea was covered with randomly positioned hot and cold spots approximately 20 feet ✓ 
in diameter. The temperature of these spots never differed from the surrounding water 
by more than 0.01 °c, which is approximately J/lOth the observed temperature difference 
between the submarine's wake and the surroWlding water. In order to observe these spots 
from the air, and hence operate under the condition of limitat:on by "optical noise," it is 
necessary to increase the signal-to-noise ratio of the present equipment at least ten times. 

Improvement of the equipment's signal-to-noise ratio can be achieved easily by in­
creasing the diameter of the collecting mirror and by increasing the angular height of the 
field-of-view while maintaining the same !-number of the optical system. Physically, 
increasing the diameter of the mirror permits a greater amount of energy to be collected 
and focused on the thermopile, and increasing the angular height of the field-of-view 
allows a greater portion of the wake along its long dimension to be viewed. 

Mathematically, the rad~~tf,n from a wake when J\'leasured relative to the surrounding 
water with a given optical sy'lltam is expressed b;1 eq\lation (7). If the diameter of the 
collecting mirror is increased p times apd the vertical dimension of the angular field-of­
view is increased q times, the wake radi,-tion available at the optical system becomes 

t.<f,' = (qa,) (3 (pD)2 (~~) (o'I'o4
) T watts, (14) 

If the f-number, f, of the system is kept constant (f = 0.5), equation (14) becomes 

l!,,.<f>' = (qpa,) (p/3) (rf (~:) (di'/) T Watts, (15) 

or 

(16) 

12 Clar/?, u. L., loc. ct t. 

13 Sea states up to 4 ,,,ere enc1Junterecl at Kell WR;;/. 
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But, in orde r to generate the des ired :UlRU1ar field- of- view, lhc dimensions of the thermo­
pile (Figure 2 lb) mus t be increased lo 

H = p q h cm (17) 

and 

W = p w cm. (18) 

Thus 

(19) 

which is another form of equation (4). Equation (19) states an important basic fact: the 
flux density , tJ; , in the focal plane of the optical system depends only on the f-number of 
the optical system, or 

l:uf,' (1)2 
( AT) • 2 

tJ; = HW =\T \ To ( a To ) T watts/cm . (20) / 

The flux density, tJ;, in the focal plane is a maximum when the f-number is a minimum 
(f = 0.5) . Thus if the f-number is held at a minimum (constant), the flux density in the 
focal plane remains constant when the diameter of the collecting mirror and the height 
of the field-of-view are changed. 

If the new thermopile of dimensions H and W is made up of a multiplicity of receivers 
of dimensions h and w, the total radiation falling on each small receiver is equal to (1/,hw) 
watts. If the d-c sensitivity of one small receiver is s volts/watt and its resistance is 
r ohms., and if n small receivers are connected in parallel and m such groups are con­

·nected in series, the voltage output, V ' , . of the large thermopile is 

V' : ms ( tJ;h w), 

and its resistance, R, is 

The Johnson noise, N' , due to the resistance, R, is 

N' = k ~ = k'{ij.--;', 

where k is a constant of proportionality. Thus the signal-to-noise ratio is 

V' 

N' 
s ( tJ;hw)Ymn_ 

kYr 

(21) 

(22) ✓ 

(23) 

(24) 

But (mn) is the total number of small receivers employed. This number is also given by 
p2 q. Thus 

Bence 

2 mn = p q. 

V' = s (lJth w) pyq 
N' ky'r 
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A similar expression can be wriltcu for the signal-lo-noise ralio of one small receiver: 

(27) 

Thus the improvement in signal-to-noise ralio is 

V'/N' _ 
V /N -pVq. (28) / 

Equation (28) holds as long as the "optical noise" is considerably less than the Johnson 
noise When the optical noise becomes comparable to the Johnson noise, a second term 
must be added to equation (23) to take into account the increase in optical noise due to an 
increase in the angular dimensions of the field-of-view (at constant altitude). However, 
until that point is reached in practice and until more is learned about the behavior of 
"optical noise," it is not worth considering. 

Equations (20), (26), and (28) together state three basic facts. The first is that the 
f-number of the optical system should be as small as possible for maximum signal-to­
noise ratio. This condition is satisfied in the present system with an I-number of 0. 5. The 
second fact is that the signal-to-noise ratio increases as the first power of the diameter 
of the mirror-Thirdly, the signal-to-noise ratio increases as the half power of the verti­
cal d!mension of the angular field-of-view."""'l'hese three conditbns hold when th altitude 
of the optical system is kept constant and the horizontal dimension of the ertica ield-of­
view is just large enough to cover the width of the wake. 

As an example of the possible improvement in the signal-to-noise ratio of the present 
system, assume that the diameter of the collecting mirror is increased from 4½ to 24 inches 
and that the vertical angular dimension of the field-of-view is increased from ½ 0 to 5 °. 
Thus p = 5.3 .and q = 10 and 

V'/N' =17' 
V/N ' 

(29) 

Hence an improvement in signal-to-noise ratio of 17 times can be realized with optics of 
practical size. However, equations (17) and (18) indicate that the dimensions of the thermo­
pile would be approximately 1 inch x 1 inch', which is rather !arge but not impractical. The 
number of small elements included in su<!h a large area would be approximately 280. 

It therefore appears quite feasible to improve the signal-to-noise ratio of the present 
system so that the equipment can operate under conditions limited by "optical noise," in 
areas such as around Key West. With such equipment the characteristics of both wakes 
and "optical noise" can be investigated. From this information, it should be possible to 
establish criteria for the design of detection gear to operate under optimum condi­
tions in the presence of "optical noise." 

v· 

SUMMARY AND CONCLUSIONS 

(1) The detection of submarine wakes with airborne thermal radiation gear 
appears to be very promising. 

(2) The measurement of the thermal-radiation characteristics of wakes requires 
equipment with a much greater signal-to-noise ratio than that of detection gear. 
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(3) The radi:ilinn from :;uhmarin<' w:1lcc,c; iu the Lakd1un;t area war; f{r<!al cnou1{h 
to be easily nieasu1·ahlc. Intl lh<' radi:ilion from wakes in the Key West area 
was too sm:i ll to be mcam1red properly with the available cquip1t1eril. 

(4) The small wake radiation in lhc Key West area wa:-, due to llle small differ­
ence in temperature between the wa.kcs and surroundinr~ water, which in 
turn was due lo lhe small vertica.l temperature gradient in the water. 

(5) The failure to measure properly Lhe radiation from wakes in the Key West 
area was due to the equipment itself and was not due to the physical proper­
ties of the wakes being investigated. 

(6) "Optical noise" from the surface of the sea was not the limiting factor in the 
determination of the signal-to-noise ratio of the equipment employed. 

(7) A reduction in the E.N.L of the present equipment of at least ten times ap­
pears necessary before the "optical noise" becomes a limiting facti.,r in the 
signal-to-noise ratio. 

(8) Preliminary considerations indicate that the E.N.I. of the present equipment 
can be reduced at least ten times by redesigning the optical system. , 

>c 

I ., 

(9) With the improved equipment, measurements of the characteristics of both 
submarine wakes and "optical noise" should be possible in areas similar to 
those around Key West. 

RECOMMENDATIONS 

On the basis of the results obtained with the present equipment and the conclusions 
drawn therefrom, it is recommended that: 

(1) Further measurements with the present equipment not be undertaken. 

(2) The equipment be modified so as to realize an improvement in signal- to­
noise ratio of at least ten times with a resulting E .N.I. of approximately 
5 x 10- 9 watts/cm2 . 

(3) Extensive measurements of both "optical noise" and submarine wake radia­
tion be conducted off the New Jersey coast prior to any measurements else­
where. 

(4) If the measurements in the New Jersey area so indicate, the measurements 
in the Key West area be repeated. 
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