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I. INTRODUCTION

The measurement  of par ticulat es in th e c louds has been a challenge to

ins t rument  des igne r s  for many years .  A wide var ie ty  of devices have been

used to measure  the liquid wa ter  content (LWC) and are reviewed by Ruskin .

F With the advent of high per formance  r een t ry  systems on USAF missile pro-

g rams , the def ini t ion of the weather  environment  and especially the par t icu.

lates  in the clouds becomes a cri t ica l  i s sue .  Not onl y LWC is of impor tance ,

the water  content in the solid state also needs to be measured.  Since the

wea ther of significanc e for  reen t ry  systems is at hig h altitude in the c i r rus

level , the amount of condensed moisture is very small; therefore , any wa ter

content meter to operate in thi s regime must have a hig 1. d t r ee  of sensi t ivi ty .

In addition, the number of par t icles  containing the bulk ~f the mois ture  is

small so that a large sampling area is requi red .

It was for  thi s app lication that the Advanced Ballistic Reen t ry  Systems

(ABRES) Directorate of SAMSO requested the Aerop hysics Laboratory of The

Aerospace Corporation to undertak e the development of a water content meter .

The unit was to be mounted in a weather research a i rcraf t  ( CI 3 OE -4 0 5 7 i )

op era ted by the Air Force Geop hysics  Laboratory (AFGL). The specif icat ions

which were  given for the device are as follows:

Sensitivity 0 . 05 - 1.0 g/m 3

A ccuracy 20%

Sampling area 10 cm2

Time response 0 . 1 sec

The project  was given the title EWER (evaporator of water  that ~ r odes

on reent ry) .  Since the 10 cm2 inlet was larger  than any of the LWC ~~~~~ ~ers

extant at the time , the name was also reminiscent  of the ewer , a wide-

mouthed ja r .

1
R. E. Ruskin, ‘Liquid Water Content Devices, 1 Atmospheric Technology,
mo. 8, pp. 38-42 (Spr ing 1976).

9
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II. GENERAL CONSIDERATIONS

The work of Ruskin2 and Kyle 3, in which small probes containing a
Lyman-a humidiometer were used to measure LWC in thunderstorms , was
selected as the basis f o r  the EWER design . The high sensitivity and fast
response of the Lyman-a humidiornete r4 would be well suited to the EWER
requirements. However , the need to measure very small amou~nts of con-
densate in a saturated back ground indicated that a differential  rather than an
absolute measurement would be necessary.  After  consultation with Ruskin
and Ky le (both of whom were contemp lating modification of their probes to
make differential  measurements)  a scheme was devised to make measure-
ments with a single detector in two samples. One samp le would contain moist
air from which all particles larger than approximate ly 50 p.m radius had been
centrifugally separated and would be representative of the back g round wate r
vapor . (Particle s smaller than 50 p.m were considered nonerosive as far  as
the reentry system was concerned. )  The other sample would contain moist
air containing all particles , which would be heated to melt and vaporize all
conde n sed phases.  A detector p laced in each sample in rapid succession

would give output s, the difference being the amount of wate r carried in con-
densed phases. In thi s way, the small variations in the detector output due
to extr aneou s ab sorbers could be cance lled out , since both samples would be

subject to the same er ror . The special fea tures  of thi s measurement system
are described in greater  detail in Section III. A. 5.

1R. E. Ruski.n , “Measurements of Water-Bud get Changes at _ 5 0 C in Ag I-
Seeded Tropical Cumulus , ” J. App l. Meteorology, 6, 72-8 1 (1975).

3T. G. Kyle , “The Measurement of Water Content by an Evaporator ,
3. App l. Meteorology 14 , 327-332 (1975) .

4D. C. Randall , T. E. Hanley, and 0. K. Larisan , “The NRL Lyman-Alpha
Humidiometer , ” Humidity and Moisture, Vol. I: Princip les and Methods of
Measuring Humidity and Gases, ed . R. E. Ruskin , Reinhold Publishing
Corp. , N .Y .  ( 1965) ,  Chap . 44.

11
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Another factor  in the EWER application which required special design

consideration was the wide range of humidity ove r which the device was to be

operated. For an optical ext inct ion-typ e measurement  as utilized in the

Lyman-a humidiomete r , a strong absorp tion by a moist back g round would

r completely obliterate any signal d i f fe rence  that would be apparent for a small

amount of condensate . Therefore , a means is provided in the EWER design

to vary the length of the absorbing media to optimize the detector output for

any level of humidity. This capability is also discussed in detail in Sec-

tion III. A.S .

It has been customary, in sampling probes , to strive f or a design in

which the flow through the system would be isokinetic . That is , the probe

impedance would be negli gible and the velocity in the inlet of the device is

the same as that  of f r ee s t r eam.  In this way , the collection efficiency of the

probe could be assumed to be 100% for all par t ic les .  Isokinetic conditions

are ver y difficult  to obtain when one considers the influence of the probe

mounting on the a ir c r a f t  as well as the large change of conditions within the

probe as the flow is heated in the evaporator . In addition , ruggedized heater

construction to withstand ice particle impact implies that the flow will be

impeded by support s t ructures .  The design of the evaporator for EWER

proceeded in a straightforward manner to achieve a confi gurat ion that would

be rugged and of hi gh power to accommodate a large throughput. Having this

design , the collection efficiency was computed analytically and the resul t  was

used as a calibration factor for the ins t rument .  This matter is considered

again in Section IV. B.

It was expected that aircraft  op e rations on the ground and at low altitudes

could involve environments that would be deleterious to exposed heater ele-

ments and ultraviolet (UV) optics. Therefore , an installation was specified

that would permit the unit to be sealed in a compartment during storage and

backflushed with nitrogen during ground or low altitude operations. A

waste gate valve to control the flow through the ( evlce and a nitrogen purge

to flush the compartment can be activated by th operator after the storage

cove rs are removed.

12
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III. DESIGN CONSIDERATIONS

The operation of the Air  Force Geophysics Laboratory weather
research a i rc raf t  dictated that a EWER system be provided that could
perform from takeoff to touchdow n with minimum attention. In addition , a
readout in rea l time of condensed wa ter content would permit  correlation to
be~. ,made on a quick-look basis with other ins t ruments  operating aboard the
aircraf t .  Therefore , an extensive system was developed to support the
sampling device itself. A block diagram of the system is shown in Figure 1 .
The salient features  of each of the components of the system are descr ibed
in detail in thi s section. Information concerning operation and maintenance
of the system is given in Reference 5 .

A. PROBE ASSEMBLY

The probe assembly embodies the actual samp ling device and includes
various heaters to melt , evaporate , and/or  heat the samples and a Lyman-or-
type humidiometer to measure the water vapor content in the samp les . The
probe is shown schematically in Fi gure 2. A photograph of the unit (with
covers off ) as it is installed in the left-hand wing pod is shown in Figure 3.

Two samples are taken into the instrument by probes extending forward
from the nose fairing on the pod . One sample is used to measure the back-
ground vapor content in the f ree  stream by passing a small portion of the
incoming air through a separator just  inside the lip of the probe. The other
sample is passed through an evaporator to melt and vaporize all the wate r in
condensed phases. A small portion of this flow is compared with the flow
coming from the separator to dete rmine the difference in water vapor level.
This difference is the water contained as condensate.

5D. A. Dur ran , Operat ion and Maintenance Manual for EWER,
TOR-0076(6550- 19) -i , The Aerospace Corporation , El Segundo , CA
( I S  May 1976) .
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1. SEPARATOR

The configuration of the sel.arator is shown in Figure 4. Small,

thin-walled tubes of copper are installed in the wall of the probe duct so that

air can pass through the tubes into a chamber that is connected to the detector.

This design was evolved from an earlier one in which there were bleed holes
in the inner wall of the duct. It was determined that water collecting on the

inlet of the probe was running into these holes, giving an erroneous value

for the background vapor. Water on the wall and in the boundary layer now

passes between the tubes and out the exhaust. The thin wall of the tube offers

minimal surface on which local water drop s can adhere and pass into the

tube. Only one row of tubes is used. If a second row were used , particle &

separation would be influenced by the turbulence in the base area of the f i r s t

row.

The flow through the separator is very small. The flow has not been

measured directly, but from the power consumed in the small heater used

to heat it prior to entering the detector , it is estimated to be less than 2%

of the sample. Low flow rates through the separator will facilitate the pro-

cess , since even small particles will be more likely to drift past the opening

in the tubes if the velocity in them is low .

No quantitative measure  of the effectiveness of thi s separator was

made in the laboratory. However , during the calibration tests (Section IV. B),
it was demonstrated that water on the inlet and wall of the probe duct had no

effect on the water vapor level passing through the separator . (There was a

significant effect for the earlier bleed hole design. ) In addition, atomized

water droplets (sizes not measured)  sprayed into the probe were totally
separated.

Two heaters are incorporated in the separator probe to resis t  icing on

critical surfaces .  A 14 cm leng th of No. 28 Nichrome wire in ceramic

insulators is potted in the aluminum fitting that forms the inlet to the probe.

It dissipates about 50 W. Another length of No . 28 Nichrome wire in ceramic

17 
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insula tors  is wrapped around the copper bod y in which the separator  tubes
are si lver-soldered and alon g the aluminum tube that c~ nveys the bulk of
the flow aft to the exhaust. Thi s heater dissipates about 500 W and is

• wrapped in such a way that about t’~vo-thirds of the power is concentrated
at the separator.

Flow from the separato r is passed along a narrow (minimum volume)
passage to a duct which connects to the detector . There is a damper in thi s
duct to facilitate the adjustment of the flow passing through the separator .
(In the current  design , the small tubes of the separator act as a flow limiter
of the system, so the damper is no longer needed; it can be left full open. )
A damper !s also installed in the exhaust from the separator probe so its
flow can be matched with the flow passing into the evaporator probe , thereby
assuring that the same sample is admitted to each probe from the free stream.

The probe housing is a light-weight aluminum cone , flanged at the
mounting end and wrapped with epoxy-g lass tape. The epoxy glass serves
to insulate the cone from the cold slipstream which could cause condensation
in the small, separated flow of vapor. The heater wrapped around the
aluminum tube inside the probe also heats the inner wall of the probe to
prevent condensation. Powe r leads for  the heate r , leads for an iron-
constantan thermocouple, and a tubulation for a static pr.essure port, all
contained in the probe inlet, are also potted in the epoxy-g lass housing and
emerge on the outside diameter of the mounting flange. -

2. EVAPORATOR

The external configuration of the evaporator probe is identical to the
separator p robe. However , all the flow is passed through a high powered
heater to melt and evaporate all the ice and wate r particles (Figure 5). It
is an 8 kW unit powered from the 120 V , 400 Hz , 3 phase aircraf t  electrical

‘ system. This power is dissipated by 12 lengths of No . 28 Nichrom e wire
in ceramic insulators wrapped around an aluminum tube which is extensively
finned to enhance heat transfer to the flow . The flow entering the evaporator

19
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probe is turned by a ceriterbod y to pass throug h slots in the finned tube .
This centerbod y is confi gured to receive the direct  impact o~i particles,
shatter  ice , and sling the fragments  to the inside of the slotted tube.  Slots
are  0. 5 mm wide to impede the larger par t ic les  which could damage the
heater wires and insulators.  The centerbody is heated with a cartridge-type
heater to prevent icing. A thin aluminum cone is used to shield the
inside of the probe housing from direct  contact with the heated flow . A
small de~ad airspace is provided between the cone and housing for insulation .
Power is supplied to the heater through four “spide rs ” at the aft end. Three
spiders are connected to the high side of each of the three phases and press
on collector bar s to which four heate r wires are joined. The other ends
of the 12 heate r wires are terminated on the finned tube which is connected
to the fourth spider and the neutral  of the three-phase system.

The flow from the evaporator is controlled f rom 90° C to 100° C as
se ns ed by an iron-constantan thermocouple positioned downstream of a series
of mixing screens.  A small portion of the flow is diverted at thi s point into
a duct which connects to the detector . A damper 4 located in the duct so the
flow rate to the detector can be’~adj usted.

3. TRIM HEATERS 
-

Since the Lyrnan-c~ hurnidiorneter measures  the density of the water
vapor, it is of crucial importance that the two samples (1. e .,  the separator
anti the evaporator) be at the same density. Equal p r e s su re  is assured
because of low velocities entering a plenum region in the detector . However ,
the temperature of the flow from the separator and evaporator are different
and vary with fli ght conditions. Therefore , two small , fast  response heaters
are used to “trim ” the temperature of both samples to 100 ° C before entering
the detector .

Power is dissipated in an array of No. 36 Nichrome wires mounted
transve~~se to the flow in a 1. 6  x 5 cm passage. The wires  are soldered to
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f r ames  made of copper clad c i rcu i t  hoard , which a re  stacked in a p las tic

case to form a se r ies_para l l e l  c i r cu i t  of abou t 22 ohms. The steps in

fabr ica t ing  the res is to r elements and an assembly are shown in F igures  6 and

7 , respectively.

The thermal ine r t i a  of the t r im heate r is very  small while the heat

t ransfe r area is very large.  These fac tors  resu l t  in a fas t  r e sponse  (a few

msec)  and a small temperature  d i f ference  between wires  and the flow

(~
s5 50° C). Under  normal operating conditions the tr im hea ters  are  quite

reliable.

4. HEATER CONTROLS

The heater elements in the probe assembly a r t -  activated by switches

on the EWER control panel (Section III . C. 1). The hea te r s  in the separator

and both probe in lets are designed to prevent  the buildup of ice on c r i t i ca l
sur faces in mild icing conditions. A two_ s tep  control is provided that is
se lec ted by the operato r on the basis of icing conditions a n d/ o r  the tempera ture
measured at the inlet of the evaporator. The f i r s t  level is powered with
half-wave rectification of 120 V , 400 Hz and will dissipate approximately
300 W of power . The second leve l (boost) uses the full 120 V , 400 Hz power .

r These heaters  should not be used if the inlet temperature  is about 20 ° C.
The car t r idge heater  in the centerbod y is turned on when the heate r in the
evaporator is in op e ration. It draws 500 W on the 120 V , 400 Hz system.

The three-phase evaporato r heater and the tr im heaters  are each
servo controlled to maintain a p rese t  temperature in the outflow of the
heater. An iron-constantan the rmocouple is positioned a few centimeters
downstream of the heater element so a flow through the unit is required if
proper  control is to be maintained. The output of the thermocouple is
amplified to establish a control voltage which is compared to a 30 Hz sawtooth
reference  voltage . When the control voltage is greater  than the reference
voltage , an electronic switch ( T r i a c )  is switched on to app ly full 120 V ,
400 Hz powe r to the heater . As the temperature increases, the control
voltage falls below the re ference  voltage and the 400 Hz is turned off for
the remainder of the sawtooth cycle . A diagram of this type of propo rtional
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control is shown in Fi gure 8. The Triac is always turned on (of f )  when

the supply voltage crosses  zero to minimize electromagnetic inter-

ference (EMI). A delay is built into the controller to ramp up the power

during a cold start. Thi s is crucial for the trim heaters because of their
fast  response compared to the thermocouple (inertia and position). Under

nominal operating conditions, the duty cycle on the vapor (separator) tr im

heater is 50%; on the condensate (evaporator) trim heater it is 20%; and on
the main (evaporator) heater it is 20%.

5. DETECTOR

A Lyman-y-type  humidiorneter  is used in EWER. Actually,  f our

separate sources  (h ydrogen lamp s) and receivers  (ni t r ic  oxide de t ec tor s)

are  mounted in rotat ing housing s (Fi gure  2) so that the airf low to be measured

passes  between them. Several views of this assembly are shown in F igure  9.
With such an a r rangement , the op tical  axis of each sou rce  and r ece ive r
(se n sor)  wi ll pass  thr ough th e vapor  and condensa te samp les in rapid succes-
sion , giving a ser ies  of pulses as indicated in Figure 10 . The f i r s t  level for
each sensor is indicative of the water  vapor in the sample coming f rom the
evaporator ( r e fe r r ed  to as the condensate which is actually back g round vapor

p lus condensate).  The next level is represerit ive of total absorption and is
created by a solid shutter positioned between the two sample streams. The

third level is indicative of the water vapor in the sample coming f rom the
separator  ( r e f e r r e d  to as vapor).  The three levels f rom the next sensor
follow in sequence  as they come into the measur ing  position. The geometry
is such that only one sensor is measur ing  at a t ime; the other three are
obscured by a shutter placed between the two rotat ing housings .

Synchronous rota t ion of the two housings is provided by gear ing that
dr ives  both sides from a common 120 V , 400 Hz gearhead motor . Each
housing is moun t ed on a sin gl e , precis ion ball bear ing  so that the optical
sur faces of the source (or r ece ive r )  are cant i levered into the samp ling region.
A sharp lip is provided on each housing at thi s surface  to s tr ip the flow coming

L _ 
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into the detec tor  at rig ht angles to the axis of rotation and give smooth flow
across the face of the hous ing .  Sensor optics are  f lush  mounted at this
surface with a copper EMI foil providing aper tures  of 6 and 4. 5 mm , source
and receiver , respectively.

The bear ing  mounts for the hous ings  are posit ioned on th ree  jack sc rews
that permi t  the dis tance between source and receive r to be changed.  In e f fec t ,
this changes the length of the absorbing medium so the output of the detecto r
can be opt imized f or an y level of water vapor.  All three jack screws are
dr iven  by a common 120 V . 400 Hz gearhead motor. The source housing is
located on the end of the jack screw with a left-hand thread;  the r eceiver
housing is loc ated on a right_ hand thread.  Depending on the direction of
rotation , the dis tance between source  and receiver (gap ) is increased  or
decreased .  The operator can vary the gap f rom 1 to 5 cm while simulta-
neously making measurements.  Microswitches are installed to limit the
travel and a potentiometer is provided to indicate the size of the gap .

The source for the Lyman-of humidiometer  is a hydrogen lamp . A
19 mm glass envelope is fitted with concentric electrodes and a magnesium
fluoride window. The lamp is evacuated and filled with 8 Torr  of hydrogen.
The receiver is similar , bu t has a singl e elec t rode and the in side of th e

envelop e is coated (as an electrode);  it  is filled with 16 Torr  of n it r ic
oxide. These unit s are manufactured b y Glass Technologists to a Naval
Resea rch  Laboratory specification.  The radiation f rom the source ionizes
the n i t r i c  oxide in the receiver so that a small cu r ren t  is developed in the
tube when voltage is app lied on the terminals.

The optical system behaves according to Beer ’s Law

I I exp(-Iyx)

*Glass Technologists Company, 700 Holl y Drive North, Route 10,
Annapolis, Maryland 21401 , Attn : John Trembly.

GT 202 M and GT 203 D (except 19 mm OD)
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where a source of intensity I is a t tenua ted  to in t e n s i t y  I , upon pa ssin g
through  a length x , in a medium of ahsorptivity a. In the EWER system, I
is the source  in tens i ty , i is the intensi ty  at the rece iver , x is the gap , and

~ is the absorpt ivity of the sample to the hy drogen lamp radiat ion.  It is clear
that I , I , and a are  pa rame te r s  that depend on many fac tors  that vary
independent  of wate r vapor (i .  e. , lamp output , recei ver sensi t ivi t y ,  other
absorber s such as oxyg en , etc .)  Therefore , a small change in a as a
resul t  of a small change in water  vapor content  would be d i f f i cu l t  to resolve
with an absolute m e a s u r e m e n t  of I/ I . By measur ing  two samp les with the
same detector (over a shor t  in terval  of t ime) ,  where the samples diffe r onl y
in the water  content  associated with the condensate , these paramet r ic
var iat i ons  can be normalized in the measurements  as follows:

a . Evaporator

= I ex p (_ p
1 

kx) ( 1)

where

k~-

a absorptivity at standard water vapor densi ty
p0 = standard wate r vapor density

= 805 g/m 3 at I atm , 0° C
p 1 = wate r vapor density in evaporator sample

b. ~~ parator

12 
= 10 exp( -p 2kx) (2)

where

p2 
= water vapor density in separator sample
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c~ Shutter  Between Source and Receiver

13 = 0

Taking the logari thm of Eqs . ( 1) and (2) and rear ranging

p k x ~~~~ n I  - f n l1 0

p k x = ~~n I  -~~ n I2 o 2

Noting that p 1 is the density of the water vapor in the back ground p lus
condensate and that p2 is the back ground water vapor density , the d i f fe rence
of these equations is the wate r vapor density due to the condensate only .

~cond ~l - _
~~~~~~~ (~n 12 - l~ ) ( 3)

With proper electronics , the ou tput of the receiver can be made proport ional
to the intensities I~~, I~~, and I 3~ that is

E 1 = a11 + b , E2 = aI2 + b , and E 3 = aI 3 + b =

These are the three signal levels shown in Figure  10 . Subsitut ing in Eq. (3)

p

~cond 
= A~~ [Th (P22 - E 3) - In (E 1 - E 3)] ( 4)

For any measurement, all the parameters  in Eq. (4) are known and the
water  content of the condensate can be calculated.

Electronics for source and receiver are contained within the rotating
housings .  A block diagram of these components is shown in Figure 11. A
cur ren t-r egu la t ed , 500 VDC power supp ly furnishes 2 mA to each source

3~1

-~~~ - -5—. ~~~~~~~.— .-  - 5~~~~—. -.— - — -—- — —- - -  --S - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 5- - -~~~~~~~- —



F .  
- - 

-—
~~~~~~~~~~

- ‘

~~~~~~~~ 

- .

(
~0

0
C 

— I- LLJ~~~~

I

Lii

LU
—

~~~~~~ 
t~SO

Z c ~
I 

—
~~~ -~U

0
____  —4

—J 0

—I
I -J

Lii

______

LU ~..0
LU 2
C.) -

I _ _ _  _ _ _< LI_ A o~~~~
5

>

. 

~
-
~~~ I_ _

LU • ~~~, LU . 0—  _ _ _ _  Lii =

_ _  

U. . _ _  ‘~ E

c~~i
_ _ _  .. . 

_ _ _  _ _ _  ~~~~
(_.) 0 .9’

‘ ‘ L U  > —
Co .~~~

32

—— — — —5  —. — — —-5  ~~~~~~ — - -— — - 5 - - .—  -5-— -—5 5 . _ - —.~~~ - . —~~~~



t ube . It is potted in silicone in a recess  between the four  tubes (Fi gure  12) .

The power supp ly for  the receiver is also potted between the tubes and
supp lies bias for the r eceivers  and ± 15 volts for  s ignal  conditioning
electronics (Figure  13). A hi gh impedance preamp lifier is mounted directly
on the pins of the receive r tube .  Signals from all tubes are combined in a
summing amp lif ier and th en pass , as a single output , throug h an inver t ing
amplif ier  of low gain . This output is used to dr ive a voltage controlled
oscillator to give f requency  modulation of 60 to 80 kHz on a l ight-emit t ing
diode (LED).  This LED is located on the axi s of rotation and looks into a
nonrota t ing  photodetector mounted in the brush  holder behind the receiver
hous ing .  Another  LED is mounted in the slipr ing  p late , 2 cm from the axis
of rotation . Steady illumination of thi s LED give s a synch pu lse every
revolu ti on on ano ther photodetecto r which locates the ro tary  posit ion of the
housing and identif ies the receiver (and source)  that is in the measur ing
position. Power (120 V , 400 Hz) is supplied through copper-grap hite
alloy brushes which are spring-loaded on copper sliprings on the back side
of each housing (Figure 14). A small electronics box is attached to the
bottom of the detector as sembly (Figure 15) to house additional components
requ i red  for  t ransmission through the wing to the fuselage of the a i r c r a f t .
The synch pulse and the gap si gnal are multiplexed for t ransmiss ion  on a

• sing le cable.

B . ELECTRONICS BOX

A box containing the remote controls for the probe assembly is loca ted

in the same compartment in the pod (Fi gure 3). It is also u sed for the term-
ination of all of the conductors running through the a i r c ra f t  wing . A view of
this  component with the cove r removed is shown in Figure 16. All c i rcui ts
are  controlled by 28 VDC relays actuated by the operator  f rom the control
panel in the aircraf t .  The flow rate of the n i t rogen purge  is controlled by a
motorized regulator  powered by the 120 V, 400 Hz system . (Additional
control is afforded by a hand regulator and normally open so lenoid va lve in 
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the f u s e l a g e .)  A p r e s s u r e  t r a n s d u cer  is located near the outlet of thi s

system to indica te the flow setting .

Thermocouple amplifiers and heate r controllers are located on circuit

boards that p lug in to socket s on th e m ain chassis . A servo-dr iven switch is

p rovided to disp lay various system funct ions  on the operator control panel.

Functions such as ni t rogen pu rge  p r e s s u r e , heater  or component tempera tures ,

m ain heater c u r r e nt , and detector gap , are available at the operator ’s dis-

cre tion . The electronic switche s (Tr iac)  for the main and trim heaters  are
located on a heat sink on the bottom ed ge of the main chassis .  Th e studs on

these solid-state devices are  operat ing at the 120 V , 400 Hz line potential

S 
and so th e u ni t s are  mounted on mica wa shers  and po tted in silicone .

All the 120 V, 400 Hz power for the probe assembly (~ 10 kW) is con-

nected to the bottom panel of the box. Breakers  for each circuit  are
installed on the side and top edge of the chassis.

C. CONTROL BOX
S A box is provided for  installation in the a i rc ra f t  which mounts the

control panel and contains signal  conditioners and the input/output (I/O)
devices for a digital computer (Figure 17). On the AFGL C130 , th is box

i s mount ed in rack 3. All 28 VDC power for EWER is connected to the back

of thi s box along with 120 V , 400 Hz for the components inside.

1. PANEL

The control panel , Figure 18, contains all the switches requ i red  to

operate the probe assembly. This includes a switch which enables the

operator  to disp lay cer ta in  system functions on the left-hand mete r .  The

right-hand meter is used to disp lay the condensate level (g /m 3) as ca lcu lated

by the online compute r or display certain compute r pa ramete r s  when in a

diagnosti c mode. Connectors for in ter fac ing with the probe assembly,

digital computer , a i rc ra f t  t r ansducers  and/or  systems , and an ana log

recorder are located on the back of the box (Figure 19).
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2. SIGNAL CONDITIONER

The detec tor  s ignals  coming in f rom the probe assembly are f r e q u e n c y
modulated . A phase-lock-loop is used to demodulate  the FM and is field

S adjustable with range and ze ro  controls .  The zero is normally set for
- 7 V (E 3 in F igu re  10) at 57 kHz and the range for + 10 V at 80 kHz.  If
signal levels are such that the FM exceeds 80 kHz , the gap would be in-
creased to bring the si gnal back into range.  The demodulated signal is hig h-
pass and low-pass filte red to reduce 400 Hz (field adjustable) and divided!
bu f fe red  for analog recording and di gi t iz ing.

The multiplexed synch and gap signals are separated in the signal

conditioner by an AC coup ling and a low pass filte r . The synch pulse is then
shaped by a Schmidt t r igger , buffered  for  analog recording and in te r rup t
control for the digital computer.

Flight parameters  needed for  the calculation of condensate (i. e . ,
temperature, pressure , e tc . )  are each connected to isolated input , high

impedance amplif iers  in the signal conditioner.  A gain of two i~ p rovided

with outputs available for analog recording and digitizing .

3. ANALOG-TO DIGITAL CONVERTER

Parameters  to be used by the online c omputer in the calculation of

condensate are digitized by an analog_to _ digital converter (ADC) located in
the control box. The power supp ly for this unit is located on the back of
the box (Figure 19) and is powered by 120 V , 400 Hz . The digitizing process
is controlled by the sof tware  in the computer and will be detailed in the- dis-

cussion of the online compute r . All digital  lines (including the synch pu lse)

running to the computer are electrically iso lat ed by optoisolators. This is
necessary  because of the voltage difference between ground in the front and
back of the a i rc ra f t  which af fec t  the t r ans i s to r - t r ans i s to r  logic (TTL)

circuits .  Circuit  parameters  on the optoisolators had to be adjusted also to
accommodate cable resistance in the a i rcraf t .
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4 . DIGITAL-TO ANALOG CONVERTER

The digital  output from the online computer is re tu rned  to the
control box (via optoisolators) whe re it is converted to analog output by a

di gital-to- analog converte r (DAC).  The output condensate ( g / m 3), is

divided /buffered for analog recording and disp lay on the ri ght-hand panel
me ter . A series of pulses are superimposed on the output every 30 sec to
indica te which sensor in the detector is being digitized (one pulse for No . 1,
two for No. 2 , e t c . ) .  The pu lse (s )  will be f i l tered out by the meter movement,
but will appear on the analog recording and will be useful  for post-flight
analysis .

ID. RECORDER

An I~~~G ( in te r - range  instrumentat ion group) 14-channel tape recorder

operated at 30 in/ sec  is provided to record all data that are required for  post~
fli ght determination of condensate . A method for reducing these data is given
in Reference  6. All data a re  recorded on an FM carr ier  except the raw FM

output from the detector which is direct  recorded . FM data channels are
calibrated at the beginning of each reel of tape , us ing a recorder  calibrator

which is permanently connected on the Input to the recorder . A lO-pole

switch actuated by 28 VDC permits - 10 , _ 5 , 0 , +5 , and +10 V calibration

steps to be recorded prior  to taking any data .

E. ONLINE COMPUTER

A real-time presentation of condensate level was considered important
to the operation of the EWER system in conjunction with other instruments  on
board the AFGL ai rcraf t . Originally, a microprocessor  was proposed that
could be installed with the I/O units in the control box. However , a Rolm
NOVA 160 1 computer became available as GFP and was put to use because
of its immediate availability and versatility for  programming and debugging

A. Meis and J. M. Penna , EWER Post Flight Data Processing Programs,
TOR-0076(6550- 19) -2 , The Aerospace Corporation , El Segundo , CA
(1 July 1976) .
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of the software.  Its size dictated that it be installed in the aft par t  of the
fuselage  so long digital  l ines were  required .  The d i f fe tences  in the ground
potential  in the aft  and fo rward  par ts  of the fuselage necessi tated that all
lines be isolated with optoisolators.

Two complete programs are read into core memory via a teletype and
punch ed paper t ape . W hen the computer is f i r s t  turned on , a s ta tic program
is used to ver ify by a compare routine that the dynamic (work ing)  p rog ram
has not been “damaged. “ A cal ibrat ion rout ine is also pe r fo rmed to ver i f y
that the al g o r i t hm is being computed correct l y and that the output  analog is
cor rec t . If these routines are accomplished successful ly ,  the computer can
be bro ught online b y switching to di gitize the output of a par t icular  sensor
in the detecto r .

If No . 1 is selected , the synch pulse  will be read as an in te r rup t
signal by the computer . After  a prese t  interval the ADC will be called to
digitize the detector output. Sixty-four data points will be digitized on this
portion of the signal (condensate level) and then the computer signals the
ADC to stop digit izing . The 64 data points are then averaged . Afte r another
prese t interval , the ADC is called to di gi tize again and 64 data points are
obtained on this portion of the signal ( re ference  level). Afte r averaging
these data and another pause , the ADC is called to digit ize the final por tion
of the signal (vapor level). Since there is now a long inte rval before the
detector output again shows data for sensor No . 1 (about 250 msec) ,  the ADC
is called to digitize other parameters  that are used in the computation of
condensate. These data are  stored in memory. When the synch pulse comes
again the digitizing of the detector output is repeated as before with the
average values for  the three levels being added to the previous resu l t s .
Afte r four cycles of digitizing, the results  are divided by four  to obtain the
1 sec average for each level. These data , together with the other data
stored in memory, are used to compute the conden sa te as f oll ows:

T x p

~cond = A G(p~ + ~~p) [~n (E 2 - E 3) - In (E 1 - E 3)]
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wh ere

A = a constant

T~ = outside air temperature ( ° K)

= static p r e s s u r e , Torr

G detector  gap, cm

= pod p r e s s u r e , Torr

E 1 condensa t e leve l , oc tal

E 2 vapor leve l , oc tal
E 3 = re f e r ence leve l , octa l

The result is put out on the digital line s to the DAC where it is
converted to an analog output fo r  recording or disp lay on the condensate
meter . The par t icu la r  sensor  being digitized is indicated in the output
ever y 30 sec by a ser ies of pulses , one for No. 1, two for No. a , etc . In
the event sensor No . 4 is being di gitized , onl y half the data is processed
because the synch pulse  occurs  during the interval the data is available and
the computer cannot respond to the in ter rupt  while process ing  data. The
output in this case is held for approximately 2 sec.

A clear-air calibration routine is provided in the software to account
for nonzero performance of the detector under these conditions. The operator
can digitize each sensor in turn to develop a 10 sec average for each signal
level. Any difference between the condensate and vapor level in clear- ai r
conditions is then used to bias data obtained during sampling.

46 

-5— — - ~~~~~~~~~~~~~~~~~~~~~~~ 



---5 S S - S S---- _ -. - -- — - 5 . -S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0
‘Ii

m

0

mz
-I
—4
m

—4

C)

.5 - — -5  - — — - 5 - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5 -



_ _  - -- -- -—-— - -- ---- - S  .5 . - -  S
~~~~~~~

IV . DEVELOPMENT TESTING

Four series of tests  were performed to demonstrate that the EWER
design woul d meet the condi tion s set forth in the ABRES specification for
the instrument . These were functional, calibration , environmental, and
fligh t tests ;  they will be discussed in detail in the following sect ions.

A. FUNC TIONAL TESTS

The initial tests of the probe assembly were performed using a low
pressure high volume centrifugal fan to suppl y the air. An aluminum fitting
was made to connect the 10 cm diameter fan outlet to the probe assembl y
(Figure 20). Flow was regulated b y a butterfl y valve in the fan outlet .
Liquid nitrogen was inj ected downstream of this valve to compensate for the
heating of the air as it was compressed b y the fan and to increase the cooling
load on the evaporator heater.

Hot-wire anemometers were used to measure the air velocity at the
centerline of the inlet of each probe . The dampe r on the separator
probe was adjusted to make the flow at the inlet of both probes the same .
A traverse with the hot-wire anemometer across the flow entering the
detector (from the trim heaters)  was made to balance these flow s and to
check the flow uniformity across the 5 cm detector gap. A typical traverse
is shown in Figure 21. Subsequen t adjustments of the various dampers has
probabl y changed the relative flow rates , but the flow uni formity is probabl y
not affected.

There was some concern that  the low signal level s in the Lyman-a
detector system would be adversely affected by the operation of the high
power heater in the evaporator. Figure 22 shows the results of an electri-
cal noise test.  For thi s case , the detector housings were not rotating and

S 

a sen sor was positioned in the flow coming from the evaporator probe .
The base line outpu t was indicated as all systems “off” and had relatively
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low noise. The main heater was turned on and the sign al was inc reased
due to the lowering of the densi ty  of water  vapor in the de tec tor  gap . The
noise also inc reased .  The trim hea ter  increased the signal f u r t h e r ;  the
noise remained essenti ally the same. The hea te rs  were then turned off .
The signal decreased quickl y as the t r im hea te r  cooled and it remained at
the level for the main heater  because of the thermal  inert ia in this large
hea ter  design . (Note that the zero has been di splaced to avoid confusing
the two traces.) It is significant that the noise level on the detector signal
is not reduced when the heater  power is turned off . The fluctuation of the
detec tor signal is not due to electrical noise , but is believed to be repre-
sentat ive of the thermal turbulence level in the sys tem . Therefore ,

S 

instantaneous measurements with EWER would be subject to considerabl e
error, and the averaging of data would be required.

A test of the time response of EWER was arranged b y installing the
probe assembly in a facility that could be exhausted by a large vacuum
system. The arrangement is shown schematically in Figure 23. Altitude
is simulated by adjusting the throttle valve to obtain the desired pressure
on the detector.  Flight velocity is simulated by flow -th rough orifices lo-
cated in the aluminum fitting used previousl y with the fan .

Figure 24 shows the signal from the nonrotat ing detector , with the s en-
sor positioned in the flow coming from the evapo r ator.  A small particle of
water  (“-P 3  mm in diameter) was dropped through the flow orifice on the
evaporator. It will be noted that the signal dip s sharpl y as the particle is
added to the background water v apor in the flow as it passes through the
evaporator. More important is the rapid cleanup as the excess water
vapor is swept through the system, indicating a time constan t of a f rac t ion
of a second. Simulated flight conditions for this case were 150 knots at
20 , 000 f t .  An ice particle was also dropped into the inlet and gave similar
results (Figure 25) .  The smaller dip in signal may be due to the smaller
amount of water in the ice (not measured) or to incomplete melting!
evaporating of the solid particle.
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5.’



—- -.5- - - — ._- 5 --_- - —.5—-— — -S------—---S-—_-~- -~

0 ~~~— Q_

_ _ _

_
_ _

b

I
5-

U

0
5-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

S~~~~~~~~~

S

~ !
5
, 

. 
~~ ~~~~~~~~~~~~~ 

.

~~~~~~~~

S 

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



rw4 -5—- -  -—--- 5. -5-- — 
-55--—— .5- - -

4-a
a)
5-

0
C 14

Li.i
N.J 1-,Lii — 

a)N.J —4 4-aI .
~~~

I- I— I

2

sflon

S 

53

---- .5 - 5-- -5- - —---5- - ---—-- S — ~~~~~~~~~~~~~ ~~~~~~~~~~ — .-- — -  - ---5~~~~ —
5- --.- -— -5- -



-5-- 5- - .5-
-, ,

i i

c

a)
14

5—

4 4 4
SI1OA

54

________________ —- S. - - -~~~~~~~~



Liquid water dropped into the separator inlet  should have had no
effect  on the detector sign al when the sensor was in the flow f rom the

S separator.  Figure 26 shows that  thi s is not the case . It was concluded
that the passing of the part icle  throug h the sonic flow or i f ice  caused the
surface water to flash into vapor. Therefore, the aluminum fi t t ing  was
removed so that the vacuum pump would draw the ambient air directly into
the probe ( i . e . ,  no metering orifice).  When a wate r part icle was then
dropped into the flow, no indication was observed on the detector signal .

Water was also sprayed into the separator probe so that some collected
on the mouth of the inlet. In this case , there was a noticeable reading on
the detector that persisted for some time (Figure 27) .  It was concluded
that the bleed holes in the wall of the probe , just  in side the inlet , were  being
filled with the vapo r from the water  collecting on the surface at the inlet.
Water  or vapor flow s along the wall in the boundary layer and into the holes,
completel y masking the true reading of back ground vapor.

The problem was corrected by changing the bleed holes to thin-walled
cylinders that protrude through the boundary layer on the wall of the probe
(Figure 28; see also schematic , Figure 4). Spray tests on thi s separato r
configuration showed that even large amounts of water adhering to the inlet

• or injected axially did not give any indication on the detector . Spray
directed at approximatel y 10 0 to the axi s of the probe did show some
indication . However , since the flow at the inlet of the probe under these
test conditions is two-dimensional ( i . e . ,  suction through a sharp-edged
orifice) the results  are at best qualitative for separato r efficienc y when
sampling at high angles of attack.

A series of test s was performed to evaluate the impedance to flow
within EWER. Data from these tests would show how nonisokj netj c the
flow is and how much air is being bypassed during sampling. The flow
facili ty of Figure 23 was used. It is possible to relate the flow in thi s
facility to that which would obtain in flight by the use of one-dimensional
flow equ ation s as discussed in Appendix A. It will be noted that the fixture
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is a r r anged  so that all the gas enter ing throug h the meter ing or i f ices  passes
through the unit . If a crit ical p ressure  ratio is maintained across these
or if ices , the flow will be choked (sonic throa t )  and the mass flow will be a
function of the ambient conditions in the laboratory onl y. Mass  flow can be
converted to volume flow if the velocity at the inlet is known .

- 
Although hot-wire anemometers were installed in the faci l i ty  to indi-

cate the.ai r velocity on the centerline at the inlet of each probe , no quanti -
tative data were derived from these measurements because of difficult ies
in absolute calibration of the anemometers when used over a wide range  of
pressure .  In addition , knowing the velocity on the centerline is of limited
value in converting mass flow to volume flow unless the velocity profile is
known. However , anemometer data were useful for comparing the flow
rate s in the two probes and the relative changes that occur as conditions
vary wi thin the unit.

Volume flow for any set of operating conditions can be calculated

using the one-dimensional flow equations if the pressure  in side the inlet is
known . A static pressure measurement was made just  inside each probe
through a port in the wall about 1 cm from the inlet. Since the flow is
directed into each probe b y a duct which is approximately the same diameter
as the inlet , the flow is essentiall y one-dimen sional and the wall measure-
ment is representative of the static pressure  at this posit-ion. Thi s was
verified by noting that the pressure  in the upper chamber (p ’ in Figure 23)
was always within a cc5uple of Torr of 

~~ 
so no effects  were apparent in the

vicinity of the inlet that could affect the wall measurement.

Data obtained in a series of test are tabulated in Table 1. Most of
the data were taken for cold-flow conditi on s (i. e . ,  no heat on the evaporator) .
However , for two cases of flow rate , the evaporator heater  was turned on
to determine what effect thi s would have on the flow character is t ics  of the
unit. It will be noted that the change in hot-wire anemometer reading at
the inlet to the evaporato r show s only a slight change from cold to hot
running .

I
I 
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Table 1. Cold Flow Test ( 7 - 8 - 7 6 )

Diameter p p ’ p U Ue e x evap Sep

0. 504 760 760 760 0 0

472 4 7 5  450 52 57

447 4 5 1  425  5 1 56

423 427 400 50 55

400 404 375  49 54

376 380 3 5 0  48 53

355  360 32 5 47 SZ

3 3 1  336  300 45 50

309 3 1 5  2 75 43 47

287 293 250  43 45

266 273  225 41 43

246 2 5 3  200 39 42

377 381  350  48 a 50a

0. 647 500 5 1 0  450 83 95

481 491 42 5  83 95

460 471 400 83 95

438 450  3 7 5  8 1 93

417 430  3 5 0  80 91

396 409 325  78 90

378 391 300 76 87

360 274 2 7 5  76 85

340 355  250 75  83

324 340 22 5 74 82

3 1 0  326 200 74 79

4 1 5  438 3 5(  86 a 85 a

0 770 542 559  4,0  132 1 1 8

508 526 400 [35 120
475 496 350  135 120

442 466 300 132 118

4 1 5  441 250 12 9 1 1 3

393 422 200 128 1 1 5

0 .504 330 335 300 46 47

336b 340b 300b 45b 48b

0. 647 376 390 300 88 85

386b 398b 300b 87b 87b

a Units: Dia - inchesAnemomet ers reversed.
b p - T o r r

Heate cL u - arbitrary
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Table 1. Cold Flow Test (7-8-76) (Continued)

Diameter 
~e ~~ 

U evap USep

0.288 456 450 12 16

425

405 400 12 16

375

354 350 11 14

325

305 300 10 13

275

2 5 5  250 9 11

225

205 200 8 9

0. 408 459 461 450 30 33

435 437 425 30 33

4 1 1  4 14 400 30 33

386 387 375 29 33

362 364 350 28 30

336 339 325 28 30

313 315 300 26 30

286 288 2 75 26 28

263 265 250 24 26

245 248 225 23 26

L 223 226 200 22 25

Units :  Dia - inches
p - Torr
u - a r b i t r a r y

61 

_ _ _  - -



_ _ _ _ _  

____________________________ _________ -

The resul t s  of the cold-flow tests  can be presented in terms of equiva-
lent flight condition s (see Appendix A ) .  The data are plotted in Figure 29
as collection efficiency versus airspeed for different pressures (viz altitudes).
That is , the resistance to flow throug h the unit at any pressure and velocity S

causes some of the airflow to be diverted around the device. The r atio of
the mass fraction of air actually sampled to that which would be sampled
if there  were no re s is tance (i.e ., isokinetic flow ) is defined as the collection
efficiency

u pe eI _ u p

where

U = air velocity

p = air den sity

e = at probe inlet

in freestream

It will be noted that the collection efficiency is about 0.45 and is onl y
slightly influenced by fl ight conditions. The points plotted in Figure 29 are
from data tabulated in Table 1. If one assumes that EWER behaves as a
classic flow restriction , these data should be correlated by the expression

Dn 
= k~~p ( p  -

where

D dia of orifice

k empirical constant
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/~~~~~~~~k DATA 

~~
‘- DATA SIMULATED BY:

n = 1 ,8, k = .003
0

p~~,Torr

o 0 450
o 400
A 350

0.3 — 0 300
0 V 250

~~ 200

0.2 I I I I
1 2 3 4 5 6 7 8

u~~(ftIsec x 10 2 )

Figure 29. C ollection Efficiency vs
Flight Parameters (Unheated)
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For ri = 1.8 and k = 0. 0030535 , t he re lat ion pr edict s 
~e for  each

measured value of p with a variance of 0. 8 Torr 2 . The collection effi-
c iency,  ca lcul at ed usi ng t his exp r ession , is plotted in Figure 29 and fits
the bulk of the data. It will be noted that the result is virtually i nd ependent
of pressure  (alt i tude) as is evident in Figure 30 where  the results  are
plotted with an expanded scale. Similar data were taken with all heaters
opera ting (Table 2) .  The results for collection eff ic iency under these con-
ditions are shown in Figure  31.

Figure 32 shows , schematically, EWER installed in a pod where

there  is additional resistance to flow created b y the exh aust system . In
this case, the pressure in the exhaust of the flow facil i ty is not the f ree -
stream pressure but some pressure intermediate between the freestream

and the inlet values. The exhaust system can be characteristized by the
relation

= B A P~~JP (P - 
~~co~

where

= mass flow through EWER (proportional to ueAepe )

B = ronstant of portionality (includes discharge coeff icient)

A = equiv alent orifice area of exh austx

= pod pressure

if one is willing to neglect the effect  of heating between the inlet of EWER

and the exhaust port (i. e., Te = T
~ 

so p o’ p) .  For a 6 cm diameter exhaust
and B = 0. 5, the pressure drop in the exhaust system would be as shown in
Figure 33. Note that the parameter  here is pod pressure . These results
are similar to those measured during flights of C 130E-571 where a pressure
differential of 8 Tor r was typical for 150 knots at 20 , 000 f t  (350 Tor r) .

64
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At _ _

= k\Jj (P - p )  H
n = 1.8. k = .003

I = 350 ~~27ó p
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~ aD 
,Torr

0 200
H 0 300

A 400

0.425 —

A

2 3 4 5 6 1 8
u~~(ft/sec x io 2

Figure 30. Collection Efficiency (No Backpressure
in Pod)
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Tabl e 2 . Flow C alibration (6 -30-76)

Diameter 
~x ~e p ’ T

0.408 450 463 468 83

400 413 417
350 365 369

300 317 321

250 270 275

200 224 230

0.504 450 475 430 86

400 428 433

350 383 388

300 346 342

250 293 300
200 256 263

0.647 450 ~09 520 83

400 468 480
350 428 439
300 388 402

250 352 368

200 321 338

0.770 450 552 469 81
400 5 19 538
350 488 507
300 460 481

Units: Dia - inches
p - Torr

T - °Cx
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0.5 —

k=0 .0 027

S SIMULATED DATA
nD = kIP~

(Pe _ P
~

)

0.3 — 
p , Torr

0 450
0 400
A 350
~7 300

F 0 250
d 200

0. 2 I I I I I I I
1 2 3 4 5 6 7 8

U~ , t t i s ecx lO 2

Figure 31 . Collection Efficiency vs Flight
Parameters (Heated)
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Figure 33. Pod Exhaust Valve Pressure Differential
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Combining these  est imates for the flow res i s tance  in the exhaust  valve
with the measurements  of flow res is tance in EWER , an overal l  collection
ef f i c iency  can be ca lcula ted .  These resu l ts  are shown in F igure  34 . It is
apparent that now the results are pressure (altitude) sensitive and the value
of collection eff iciency is somewhat lower with back p r e s s u r e  in the pod .

Several conclusions can be drawn from the results  of these flow tests
of EWER. The collection efficiency of the instrument is reasonably good
and appear s to be relatively insensitive to flight conditions. However , when
installed so that backpressure is on the instrument , the collection ef fic iency
is adversely affected. This suggests that a suction should be provided on
the exhaust system to maintain the pod pressure as near as possibl e to the
frees t ream value during sampling . The variation of collection efficiency
with flight conditions is small enough (especially with low backpressure )
that it can be assumed to be constant .

As has been mentioned before , the collection efficiency for water
particles was evaluated analytically. A description of this analysis is
given in Appendix B. Sulfic e to say here that the airflow is f ree  enoug h
through EWER to facili tate the collection of all particles (spheres with
density of wa ter )  with radii larger than 50 rim. This sat isf ies  the original
requirement placed on EWER for the ABRES application . For other appli-
cations where smaller particle s are of pr imary concern , the collection
efficiency for particles might need experimental verification .

B. CALIBRATION TESTS

Two types of calibration tests  were performed. The f irs t  series
involved the entire system run on the flow facility (Figure 23) in which
water was injected into the evaporator probe and detector output was (a)
recorded on magnetic tape and (b) processed by the online computer to give
water content in real time. This series of tests was performed on
13 Oc tober 1976.
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SIMULATED DATA WITH POD PRESSURE ,
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Figure 34 . Collection Efficiency (With Backpressure
in Pod)
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The injection system is shown in Figure 35. Sinc e the flow rates

were extremely small a concentric flow of dry nitrogen was injected around

the water  jet  to maintain steady atomized flow . The water tube had a

0 . 2 5  mm inside diameter (ID) x 0. 15 mm wall; the nitrogen annulus was

0. 8 mm outsides diameter (OD) x 0. 5 mm ID. The flow rate of nitrogen

was negligible compared to the airflow into the probe.

Output from the digital computer during periods when the water rate

was constant is shown in Figure 36. This is a composite record in which

data from three sensors is shown for several flow rate s of water . All data

has been averaged for 1 sec . It will be noted that all sensors show a

fluctuation of ±0.05 g/m
3. Since the input was constant over those intervals ,

it is assumed the variation in the output is the resul t  of thermal tur bulence

in the system (see page 51). However , it is possible that some of the

fluctuation could be attributed to nonstead y evaporation of the liquid wate r .

One way to test  thi s woul d be to inject dry  steam, but the experimental

difficulty of doing this precluded making the check.

Another time-constant test was performed with this configurat ion; the

results are shown in Figure 37. The water flow was turned on with a f a st -

acting valve. Since the h ypodermic tube injector  throt t les  the flow through

the system , the feed line to the tube was always filled with water  and the

star t ing transient  can be expected to be negligible. The time -constan t for

the output is of the order of several seconds.

A test  was made to determine the ef fec t  of detector gap on the output.

With a constant water input and the computer reading one sensor, the gap

was varied from a minimum value to 2. 8 cm. The resul t  is shown in

Figure 38 and confirms that the output is essentiall y invariant  with the

detecto r gap.

Water was then inj ected for a range of simulated flig ht conditions

giving an input of up to 1 .5  g /m 3 based on volume flow at the inlet. The

r e a l - t i m e  output as a function of input for three sensors in the “A ’  detector
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assembl y is given in Figure 39. Results are linear and independent of detec -

to r p ressure  (altitude). However , th ere is a sign if icant of f s et fo r ze ro .
This i~ due to th e fac t  tha t the online computer  sof tware does not all ow
negative numbers and all such data is equated to zero . Hence , a positive
value will resul t  when the data are averaged. An ex..t rapolation of the non-
zero data to zero inpu t , however , does not pa ss thr ough zero output . This

— is due to th e f act th at th e A detecto r assembly was adjusted at this  time
with a nega t ive  bias , i . e . ,  the signal obtained in the evaporato~- flow is
la r g e r  than that  of the separator  flow . Fur the rmore , the bias is d i f f e r en t
for  eac h sensor .  Although this condition can be minimized by proper ad-
ju stment  of two ro t a t ing housings with respect  to each o ther , a c l ea r -a i r
ca libration feature has been incorporated in to the sof tware  to cancel out
this effect .

For these tes ts  the meter outpu t was scaled to 1 g /m 3 full scale.
Then the slope of these data would indicate that the effect ive absorption
coefficient for the detector is 160 cm 1 (not 387 cm 1 for Lyman-Q’).

S 
Because of thi s discrepancy, an attempt was made to measure the absorption
coefficient for the detector independently from the system. The resu l t s  will
be given later  in the discussion of the detector calibration .

Tape recordings made during these t es ts  were reduced in accordance
with the postflight data reduction techni que s (Ref . 6). An absorption coeffi-

— 1  . . Scient of 157 cm and a c lear -a i r  calibration correct ion were used to obtain
the resul ts  shown in Figure 40. Again , the output is linear with input and in-
sensitive to p ressure .  However , the of f set sti ll exi sts at zero . In this
ca se negative values were a-~ eraged and the clear -air ca l ib ra t ion  should have
removed the detector  b ias .  An explanation for thi s effect  has not been given
at this point in time.

As noted above, the absorption 
1
coefficient for the detector was foun d

to be considerabl y less than 387 cm advert ized for water  absorption of
the Lym an-cr line. Since the output of the source includes significant
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--- 5-,

radiation in the range of 1250A to 1 350A (Figure  4 1) and the rece iver  is
responsive to this  radiation (Figure 42), it is not surprising that  the overall
absorption coefficient  is less than the Lyman-a line value . An evaluation of
the absorption coeff icient  from con siderations of the spectral  cha rac te ri s t i c s

S of the source and receiver  was attempted . If we assume that the magnesium
fluoride windows on the sensor limit the short wavelengths to 1200 A, inte-
grating source output and receiver response for the wavelength s between
1200 A and 1350 A and using the absorption data of Figure 43 . an ab sorption
coeff ic ient  of 161 cm 1 is infer red . The value here  compares favorabl y with
the 157 cm~~ obtained in the system calibration.

The second series of calibration tests involved a laboratory calibration
of the sensor onl y and was accomplished with the setup shown schematically
in Figure 44. It was possible to determine the absorption coefficient  of
approximately 225 cm~~~. The difference between thi s value and the one
obtained in the system calibration could be explained to two ways: (a) The
evaporator may not be vaporizing all of the liquid water .  This , too , could
h ave been ch ecke d if superh eated steam wer e inj ected into th e evap or ato r
probe (see page 72).  (b) The sampling at the outlet of the evaporator  is
done in such a manner t ha t  the detector does not measure all the water content .
C .  VI BRATION TESTS

Two series of vibration tests were performed on the equipment to be
mounted in the pod of the C i3OE . The f i rs t  was based on criteri a developed
from MILJ STD 810C and is shown in Figure 45. Details of the testing are
given in Appendix C.  After  approximatel y 3 mm of random excitati on , the
heater systems failed and several mechanical defects were observed. it
was decided that the conditions imposed were far too severe and the test
series was discontinued.

The unit was repaired and a new series was planned. Data for the
vibration environment on a C 130A were finally obtained and a new set o
cri ter ia  was developed as shown in Figure 46. All system s performed
satisfactorily throughout this test.

80



- — 

___5_
_

5

L- ~100 I 100

90 -  — 9 0

so- —8 0

7 0 —  — 7 0

6 0 —  — 6 0

U.:

-50

LV\JJ
1200 1400

WAVELENGTH . A

Figure 41. Lyman-a’ Source Spectrum

81

- - - - -5-5 -—----— .5



_ 
--5-—-—- -

100 - Ly-a

~ s 0 f ~8.J~~~=’4 V V

—~ - NOL~J
>-

~~~ 6 0 -
0
I-

N.J

~~~~~4 0-C
C
I—
C
=

0 1 L I I I I I I I I I
1100 1150 1200 1250 1300 1350

0

WAVELENG TH. A

Figure 42. The Photoionization Yield of
Nitric Oxide

82



--- - -.5-— -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

S 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- I
- - - - I - 

~~ 
—-5-- - - - -

~~~~~~~=~~~~~~~~~
— - 

~~~
—---- - -5—---

- - 
-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~

----

~~~~~

—- -

I L 1 1  Ii i , ,

o~~W) NOI1d~~OS~ v 85

.- ~

0?

1 T I  I I I  T ~~ ~~~~~~~ T

H
-
~~~~~

o u o
PSI ,- ’ —

-
~ 14 0 ’

- 
I 

-

~~~~~

- I~ ~~~~~~~~~~~

0)- I
‘I

i )  —
- - -~~~ .c (ti b12

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _ _ _  — 1

~~~ 
‘NOI1d~~OS8Y

83

_ _  - -- -.5- - -- - - - 5-5— -— -- -.- - S - --- ~~~~- 5 5 5~~~~~~~~~~~~



----5 -
- j -5-5- - —5-- - - _ - 5 - S

84

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

~~~-- -



I

0. 100 —

0.050 -

RANDOM VIBRATION
0. 020 -

0.010
- SINE SWEEP

(double amplitude )
0.005 -

=
c~JCS

0.002 -

0.0001

0.0005 -

0.0002 -

.000i I i~~~~~: t i I  I I

10 20 50 100 200 500 1000 2000

FREQUENCY. Hz

Figure 45. Vibration Criteria

85 

-~~~~~~~ - --~~~~~~~~~~~~~~ - -SS ~~~~~~~~ - - -5 - S — 5 S — - —_ -
~~~~~~~--  -- 5—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ - -~~-



F4E POD
RESPONSE

010 — ._ _! 
VIBRATION

S N.
- a SI S

I 5_~S
U. U7 S ‘ N

- ‘— - -\NONFUNCTIONAL
VIBRATION LEVE L

I 
S%:: 

FUNCTIONAL
0.005 VIBRATION LEVEL

0.002 -

I I I I I I !~~ I I I I I I I IJ  I

10 20 50 100 200 500 1000 2000
FREQUENCY, Hz

Figure 46. Vibration Criteria (Revised)

86

~~~~~ -~~ - — - - — —~~~~~~~~ -- -5  -—— --5--- _S~SS_ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
— -

~~~~~



- --5— --- -- -- ----5--—-—-- -5.5_ - - - .5-- - -~~~

I t is i n t e r es t i n g to n ote th at , during the preparat ion s for  this tes t , a
si tuat ion deve loped where  the operation of the servo-cont rol led  hea te rs  “ ran
away.” it was found that the 3 phase, 400 Hz power source being used for
the tes t  had large , recur ring t rans ients  on the sine waveform . Thi s caused
the solid-state switches ( T r i a c s )  to se l f - t r igger  and apply ful l power to th e
hea te r.  The ef fec t  was f i r s t  observed on the main heater  when smoke
issued from the evaporator probe inlet; no airflow was on at the time. All
heater  wires were  destroyed and the heater element (AL-2 908-Z )  was
shortened by approximately 0 .33  cm due to thermal expansion while under
end constraint . Wires were replaced and a ring was fabricated to fil l the
gap at the front end of the heater element.

A solenoid-operated mechanical switch was installed in each heater
circuit  to “disable” the Triac control . The operato r would be able to con-
trol a runaway condition b y disabling the heaters  shoul d this occur in the
operation aboard the a i rc ra f t .

D. FLIGHT TESTS

Several flight tests were performed to check out the EWER systems
while operating in the a i rc ra f t  and to compare EWER results with data f rom
other systems on board the a i r c ra f t .

It was evident from the beginning that the nitrogen purge to protect
cri t ical  components from exposure to contaminated air was marginal . The
pod was not designed to provide a completel y p r e s su re - t ight compartment.
Therefore, large amounts of nitrogen are required and it is  questionable if
even this is adequate.  Figure 47 shows the pressurization of the pod by
nitrogen when both probes are sealed. Maximum pressure  obtained on this
occasion was about 23 Torr .  The dynamic pressure  at 150 knots (sea level )
woul d be 28 Torr , indicating that the purge would not be adequate.

Attempts were made to “ spook” the system by an a r b i t r a ry  switching
of the various funct ions .  For example , with all hea ter s  operat ing,  the
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waste ga te valve was closed , stopping airflow through the system. All
hea te r s  tha t  were interlo c ked with airflow shut down properl y and cam e
back onlin e when the valve was opened .

The p r imary  objective of the flight tests was to obtain comparative
data on water  content measured  by EWER and oth er ins t rumentation on

board C 130E - 57 1. In par t icular , water con tent in fe r red  f rom part ic le
measuremen ts b y the Particle Measur ing Systems (PMS ) instrumentation,
especially in ca ses wh ere th e condensate was in li quid form , would give a
good flig ht calibration on EWER.  Many flights were attempted where
weath er condi tion s w er e not ri ght or all systems were  not operating .

Late in 197 6, a mi s sion designated MSV- 1 (Material  Screening Veh icle)
was supported at the Wallops Tes t  Range in which extensive data was ob-
tained with all systems opera t ing .  Weather  conditions for thi s mission
were such that the condensate was solid , so the comparison with PMS data
(and radar ) depends on a knowledge of c rys ta l  habit . Nevertheless, the
best estimates gave very good corre la t ions  between EWER and PMS for
total water content . C omparative data for a portion of the mission is given

— in Figure 48.

Subsequent flights wz~re made in early 1977. Two of these missions

w er e de dicated f lights in search of liquid water  conditions. EWER data
from these flights are given in Figures 49 and 50. Two other flights in
support of MSV were also made where atmospheric conditions would result
in solid condensate . The EWER data for those flights  is given in Figures 51
and 52 . Additional fli ghts at Wallops Test  Range and at Kwaja le in  Missile
Range (KMR) have been made , but the data was not reduced.

A company in Boulde r , Colorado .
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V. DEVELOPMEN T PROBLEMS

Several parts of the EWER system proved to be especially difficult to

develop to the level of per formance / re l iab i l i t y neces sa ry for this app lica tion.

Some of the problems have already been alluded to in the design and testing

sections of this report .  These and other problem s are discussed in greater

detail in this section, so that the user  of the equipment will know the reasons

certain things were done the way they were and where spe cial precaution s in

handling and operating the system are in order .  In addition , any upgrading

of the desi gn in building another unit should be considered in light of this

development experience.

A. HEATERS

Several problems were encountered in the development of the heaters

that required special attention. The original design for the trim heaters had

the No. 36 Nichrome wire strung in the opposite direction such that the un-

supported span was 5 cm. It was possible with this arrangement to obtain

the desired resistance by having all eight wires in parallel on a circuit board
S and all circuit boards arranged in series.  A minimum amount of soldering

S was required for assembly of the boards.  These units operated satisfactori ly

in all tests up to the f irs t  series of vibration tests.  At this point they failed ,

even though the vibration input was along the axes of the wires.  Therefore ,

it was decided that the wires would be oriented to span the short dimension

(1 .58  cm) and arranged so that they would be staggered from board to board

to give maximum separation. This required much more solderin g along the

long sides of the circuit board , but with special tooling (see Figure 6),  the

assembly effort was reasonable. In this case , the wires on each board are

all in series and the boards are arranged to give the proper resistance. It

should be noted that the parallel groupings are arranged to give the highest

current in the downstream wires. Since these wires are also operating at a
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hi gher temperature due to the gradient through the heater , it is expected that

a control failure (should it occur)  would destroy only the last eight boards

and the forward units could be salvaged for the next assembl y. It sho uld be

noted that the trim heater design has proved quite durable under normal ope r-

ation. However , any deviation from normal (control fai lure , no flow , et c . , )

can easily cause serious damage or fa i lure .  When difficulties of this type
S ai-e encountered in the trim heater(s) ,  the detector optics are coated with a

brownish residue that completely absorbes the UV radiation and kills the

output.
S 

Two problems have been encountered in the closed-loop controls for  the

t r im and main heaters.  The f i rs t  was mentioned in the discussion of the

second vibration test series (page 87) where the AC power unit had a series

of spike s on the 400 Hz sine-wave. This caused the solid-state switches

( Tr iacs)  to conduct without any triggering signal. Chang ing t o a standard

ground power unit ( M B - i )  and in subsequent a i rc raf t  operations , there was

no fu r the r  problem of this type. At this same tim e , the wir ing in the elec-

tronic  box was conformal coated and some of the coating material  flowed into

the sockets of the connectors  on the controller  circuit boards.  As a result ,

the contact was intermittent  and caused several heater fai lures that were not

pr operly diagnosed as control fai lures.  At KMR these sockets were rep laced

and it was determined that 50% of the contacts had lost their spring action due

to the potting. Since the sensor for  the controlle r on each heater is a few

cen t imeters  downstream of the heater , airf low is required be f ore prope r

control can be established. No sat isfactory scheme for signaling an imminent

heater f ailure could be devised in v iew of th e very low flow rates  through the

t r im heater  in normal  operation.

Initially, the main heater was to be made with bare wires insulated by
the aluminum oxide coating on the heating elem ent. Tests with wire wrapped

around a hard anodized tube showed that adequate insulation was available.

1 20
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However, the extensively finned heater element prevented the formaticn of

the oxide down in the grooves where the wires would contact it and so sepa-

rate insulation was required. Mullite (aluminum silicate) sleeving was

slipped over the No. 12 Nichrome wire and broken into short lengths so the
wire could be wrapped on the heater element. This arrangement worked well
for som e time until the wires were replaced. A new batch of Mullite tubing
was used. Poor life was obtained from this batch and it was attributed to the
low mechanical strength of this particular batch. Another set of wires with
(better) Mullite was installed and failed in calibration tests. This failure was
attributed to the high pressure  fluctuations (acoustic noise) in the flow coming
from the metering orifices. The Mullite was replaced with alumina (A1203)

in an effort to correct a marginal condition. Reliability has been good and

bad. Recently, it has been determined that the insulators (both Mullite and
alumina) have not been broken to short length s with square ends , thus giving
rise to kinks and large separation when the heater wire is wrapped on the

heater element (23 ° helix on 3. 5 cm dia). A tool was designed to enable the S

precise and cons istent breaking of the insulator when installed on the wire.
As a re sult , the insulated wire now appears as though it has flexible spaghetti

insulation with no opening apparent between the alumina insulators along the
length of the wire. It is expected that the reliability of this assembly will be
much higher .  It might be possible to return to Mullite insulation which is
cheaper and has better resistance to thermal shock. It is interesting to note
that the reference  heater  which is configured the same as the main heater
(exc ept only one wi re )  has never  fa i l ed .  It is not exposed directl y to the
airflow and water condensate .

B. DETECTOR

The requirement that all the electronics for the source and receiver be
contained in the rotating housings placed some significant constraints on the
design. This led to some development problems.
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5 Although all components were thoroughly potted in the housing, the
signal and synch LEDs were prone to break at their leads. As a result,

quite a number of flight tests came up with no data. Several configurat ions
for  mounting these components were  tried before a sat isfactory compromise
was obtained.

Some thermal dr i f t  in the VCO output was evident in early assemblies,

which caused the output frequency to move out of the range of the phase-lock-

loop demodulator. Some changes were made in components and a relatively
low thermal drift  resulted as shown in Figure 53. Recently, the detector
assembly has been instrumented with a thermocouple to dete rmine the tern-

S perature excursions of the main bearing f rame.  Although this part , running
from 30°C to 50°C, is not at the temperature of the electronics, it is expected

that the variation is representative of that occurr ing in the housing.

Considerable troubl e developed in the bearings that support the rotating

housings afte r 50 to 100 hours  of operation. Initi ally, these bearings were
run virtually dry, since the drivemotor torque was relatively small and the
viscous drag of lubricant in a 7. 5 cm diameter bearing would be large
(espe cially at low startup tempera tures) .  The bearing loads are negli gible
and speeds are low so heavy lubrication was not required.  Fur thermore,
these bearings are a f rac tured-race  design and of open construction so lubri-
cant would attract and hold contaminants in the bearing. When the insulators
in the main heate r began to fail , the bearings picked up particles of ceramic
and began to get pitted. About the same time , the gearbox in the drivemotor
began to show signs of wear . To ease the problem , more lubricant was used
in the damaged bearings. The net result was that several flights re turned
no data because of no detector rotation. A new motor of half the speed (twice
the torque ) was installed and the bearing assembly was redesigned to provide
shields and slingers to prevent contamination. With a few drops of high-grade
instrument  oil , this system is working reliably.
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Several attempts were made to aperture the source and receiver for
optimum signal level and waveform . As a result, several flights came up
with no data because the signal level was too low. The gain of the preampli-.

S fier in the receiver was increased to obtain more output. At the same time
the aperture of both the source and receiver were decreased to improve the
waveform. In addition, changing the relative positions of the four sources
with respect to the four receivers significantly modified the output. Move-
ments of 90° and/or a few teeth on the drivegears resulted in large changes.
V e r n i e r  adjus t ment s a r e  poss ible by the use of the slotted holes in the
mounting of the gear  on each housing. It was determined that a 6 and 4. 5 rn rr,
aperture on the source and receiver, respectively, were about optimum . The
apertures are made by punching holes in the copper EM1 shield placed on the
front  face of each housing . These holes are located on the theoretical center-
line of the Lyman — cL ’ components potted in the housings .  With these apertures,
a 1 cm wide tab on the baffle betwe en the housings is suff icient  to blank the
source and obtain the output for total absorption ( i . e . ,  re fe rence  level) .

After  proper adjustment, the output from each sensor  should be within
about 50% of the highest  value. The lowest source is positi oned to coincide

S with the synch pulse period , since the data rate from that position is one-half
that for the other positions. Nevertheless, there is a tendency for the con-
densate and vapor levels in the output to be slightly unequal for the condition

S of no condensate (i. e. ,  no flow) . Vernier adjustments can be made to mini-
- 

mize this effect , but it has been impossible to eliminate it on all sensors  with
the same adjustment. Therefore , a clear-air calibration is required to eval-
uate the offset  and determine a bias to be used in calculating the condensate

S water .

Another problem encountered in the particular Lyman-Q’ components used
was the breakdown of the epoxy seal on the silver chloride cement used to bond
the magnesium fluoride window on the tubes.  When the seal was in the proximity
of a conductor , the voltage on the tube would caus e current to flow to ground .
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S This would destroy the seal, compromise the bond, and permit the tube to leak .
For the assembly in the aluminum housing (ground potential),  a layer I)f  ins u-
latin g tape was placed across the magnesium fluoride window underneath the
EM! shield with a hole in it that is larger than the aperture.

C. AIRCRAFT GROUNDIN G

Considerable trouble was experienced when the EWER system was in-
stalled in the CI3OE aircraft  because of different potentials in various parts
of the a i r f rame.  This was particularly troublesome in the online computer
cabling where low-voltage TTL operations are involved . It was determined

S that , on occas ion , a ‘ 1 zero~ of les s than 0. 7 V was not possible. To avoid
this problem, all lines to and from the computer were terminated with opto-
isolators. This system, f i rs t  operated in the laboratory, had to be “ retuned”
in the a i rcraf t  to account for line losses.

Diffi culty was also encountered in recording flight parameters ( i . e . ,
outside air temperature, indicated airspeed , pressure, etc . ). There ap-
peared to be potential differences between the EWER system and the a i rcraf t /
project systems that caused spurious signal s on most data channels. High
impedance, isolated input buffer  amplifiers are in all EWER data channels.
The problem was never resolved but seemed to come and go and currently
may be gone.

D. SEPARATOR

As was mentioned in the section on functional testing, the ori ginal
mechanical separator desi gn was not satisfactory. At the time this was dis-
covered, the general confi guration of the sampling probes was committed,
so any modification had to fit this constraint. Although the elected change
seems effective, the manner in which it was imp lemented could be improved .

_ _ _ _ _  _ _ _ _ _
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VI. RECOMMENDATIONS

During the development of the EWER system, certain deficiencies in
some of the components were discovered.  Many of these were sat isfactor i l y
resolved as has been discussed in the section on development problems.
Others, of a relatively minor nature (called Level 1), have been identified
in separate correspondence with AFGL. Two other levels of modifications
are discussed in the following paragraphs.

A. LEVEL 2 MODIFICA TIONS

These modifications should be made when there is extensive downtim e
and the system is removed from the a i rcraf t .

1. MODIFICATION 2A

A servo-operated wafer switch is employed to control the system func-
tions displayed on the panel meter .  Although there has been no trouble from
this component, it is recom m ended that it be replaced with an electronic
multiplex system . Such a s cheme will make all functions immediately avail -
able for viewing by the operator without having to wait for the servomotor to
drive the switch to the selected position. In addition, all functions will be
available for  recording on the tape recorder as an aid to diagnosing system
problems should they occur.  On occasions , the servomotor has been ob-
served to “hunt ’1 at a particular position. Continu: movement at the contacts
will cause wear and could lead to malfun ction of the switch in the future .

2. MODIFXCA TION 2B

The flow through EWER is exhausted to the sl ipstream via a flush
fitting located aft and on the underside of the pod at about the 4 o ’ clock posi-.
tion looking aft . During flight tests it was observed that the backpressur e
in the pod was sometimes as hi gh as 10 Torr and varied with the ang le of

L
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attack of the a i rcraf t . As has been mentioned , this back pres sure can have
a significant effect  on the collection eff iciency of the ins t rument .  Therefore ,
it is recommended that a fairing be installed ahead of the exhaust port to
develop some aerodynamic suction and reduce the backpres sure and its van-S ation with the angle of attack.

3. MODIFICATION 2C

Difficulties have been experienced in the control of the trim heaters ,
mostly due to conformal coating inadvertently placed in the sockets of the
controller circuit boards. However, a severe icing condition occurred in
one fli ght and the trim heaters may not have been turned off in time to prevent
their being burned up due to lack of airflow. Als o, if the heater disable
switch is cycled after the trim heaters have been operating at temperature,
it is possible that heate r elements may be momentarily overheated. It is
recommended that a controller circuit be devised to shut down the heater in
the event of an open thermocouple ( i . e . ,  thermocouple or contact fa i lure) .
In addition, it might be possible to move the controlling thermocouple nearer
to the heate r itself and be better able to sense the temperature of the wires
should an airflow failure occur .

4. MODIFICATION 2D

When the separate , h eated nitro g en fl ow to the detector was r emove d, a
controller for a single-phase heater became a spare unit. It would be possible
to connect the inlet heaters  to this controller and thereby separate their  func-
t ion f rom the r e fe rence  heater. Also , it would be possible to dissi pate more
power in those heaters to give greater protection against icing. In addition ,
the operator would not be bothered with the manual control of the heater.

S Howeve r , it should be noted that the configuration of these heaters is such
that great caution should be exercised so that they are not exposed to full
line voltage .
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5. MODIFICA TION ZE

Some difficulty has been experienced with the small thermocouple wire
us ed in the EWER assembly, especially where it is in a lug on a te rminal
strip. Upon assembly and disassembly the wires are inclined to break.
Larger wire could be used at the connections , or standard thermocouple dis- S

connects could be incorporated whe re the mounts screw into the unit.

B. LEVEL 3 MODIFICATIONS

These modifications might be considered if another unit is to be built.

1. MODIFICATION 3A

The main heater wires have been susceptible to damage, possibly be-
cause of thermal shock to the ceramic insulators.  This fact , plus the vul-
nerability of the wires to corrosion by salty air , could be avoided if a sheathed
assembly were available. Although several companies manufac ture  small
diameter sheathed heaters , the standard terminations are much too bulky.
Howeve r, a special desi gn might be developed with the aid of one of these
suppliers.

2. MODIFICATION 3B

Several changes should be considered on the detector assembly.

a. A larger housing for the Lyman-cL ’ sensor would facilitate the
arrangement of electroni c components. Going to a larger
diameter and rotating at a lowe r speed would make room for S
more sensors and make a center drive (on a splined shaft )
feasible. In addition, it might be possible to move only one
housing in order to vary the gap . The Lyman-o’ source tubes
seem to be the component that fails most often; it could be

S located on the shaft in such a way that it could be easily
replaced and/or the sensor windows cleaned. These features
are shown in Figure 54.

b. An improved, active , cons tan t -cur ren t  power supply shoul dS 
be used in the source. Better regulation might tend to re-
duce any spurious oscillation in the lamp discharge , wh ich
could result in longer life .
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S c. The VCO and phase-lock-loop (PLL) center frequenc ies
shoul d be increased  from 70 kHz to about 200 kHz . This
will allow an improved tradeoff position for the PLL wi th =r e spec t  to pe rcen t  dev iation and ba seband fr equen cy
response.

d. Although the glass  envelopes of the Lyman-o’ sensor are
contr oll ed by the manufacturer , it might be possibl e to
bond a socket to the unit that would pe rmit the envelopes
to be replaced on a plug-in basis.

3. MODIFICA TION 3C

Final adjustments on the system have resulted in a very small amount
of air being used in the sample. Therefore , it would be feasible to recon-
figure the probe assembly with only one sampling probe. The separator
would be located just  inside the inlet of the evaporator and the flow would be
contained outside the shell surrounding the main heater.  Such an arrange-
ment is shown in Figure 54. It is apparent that all the functions of the two -
probe configuration are similar in this arrangement, but in a much more
streamlined package. The error  in removing a small amount of the air from
the evaporation sample , say 5%, is believed to be negligible .

4. MODIFICATION 3D

A standard demodulato r unit should be used which is matched to the
VCO in the detector. This would eliminate a lot of the problems with the
custom designed phase-lock-loop circuit.
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VII. SUMMARY AND CONCLUSIONS

An inst rument  has been developed for  in-flight sampling of cloud con-
densate that has a sensitivity and size to measure  wate r content down to a
fraction of a gram per cubic meter .  Supporting sof tware/hardware  has also
been developed for the AFGL weather research a i rc ra f t  to permit real - time
readout of the data or recording and post-fl ig ht data reduction.

The results  obtained in laboratory tests and a few flight tests indicate
that the device can measure both liquid and solid c ondensate with a time
response of the order of a second and an accuracy of perhaps lO °~.

5 

Some difficulty was experienced in ‘ hardening ’ the instrument for

S aircraft  operations, so several modifications would be in order should another
5 

unit be built. Additional flight testing is needed to compare EWER results
S with other data over a wide range of cloud conditions.
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ABBREVIATIONS, AC RONYMS , AND SYMBOLS

ABRES Advanced Ballistic Reentry System s
AC al ternat ing current
ADC analog-to-digital converter
AFGL Air Force Geoph y sics Labor ator y
DAC digital-to-analog converter
EMI electromagnetic interferenc e
EWER Evaporato r of Wate r that Erodes on Reent ry
FM f requency  modulation
lAS indicated airspeed

ID inside diameter

I/O input/output
IRIG inter -range in strumentation group
KMR Kwajalein Missile Range

S 
LED light-emitting diode
LWC liquid water content

MSV Material  Screening Vehicle
OD outside diameter

PMS Particle Measuring Systems (a company)
Triac a solid-state electronic switch
TTL t rans i s to r- t r ans i s to r  logic
UV ultraviolet
VCO voltage-controlled oscillator

VDC volts direct current
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FLOW EQUATIONS PERTINENT TO CALIBRATION
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APPENDIX A
FLOW EQUATIONS PERTINENT TO CALIBRATION

Given

= inlet static p ressure

S p
~ 

discharge pressure

D = sonic orifice dia

Determine

collection efficiency ~1 versus flight parameters u~,,, pa,.

In the facility (Figure A - I ) ,  all flow through the Sonic orifice must pass
through EWER so the p ressure  drop characteristics of the flow passages ver-
sus throughput can be dete rmined. In fli ght , the flow entering the device will
be analogous to that in the test rig under the same pressure  diffe rential ( i .e . ,

to pm ) . It remains to be determined what fli ght conditions give this through-
S put and how much of the freestream flow is deflected around the device. The

flow rate through the sonic orifice is

.y+ 1

= (.
~ ~ R a0A* ( 1)

where subscript o is for laboratory conditions. Since all the flow must ente r5
5 

the inlet, the velocity at the entrance to the inlet of area A is

(2)

A-I
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Because the flow from orifice to inlet involves shocks, the isentropic
relations between stations “o” and “e” canno t be used . However , th e pr ocess
is adiabatic and, therefore, the total temperature is constant T0. The den-
sity in the inlet can be determined from an adjusted stagnation pressure p~
using the following isentropic relations:

p
p 

p
= (3)

(
~
)
~ 

= 1 
2 (4)

S 
e

2 ~a

Combining Eqs. ( 1) ,  (2) ,  and (3)

/ z \Z ( ’y - i )  P0 /PeA fp’\ 
“i’

ue + ~~~
-
~~~— ~~ A*/ 

___
~~~~

._) (5)

For y = 7/ 5 , Eq. (5) simp lifies to

3 p A ~’ ~u 
(~~

-)  a A (6)

where

p’ 
‘

~

A-3
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Substituting Eq. (6) in Eq. (4)

— 
1 

(7)r 
115~~/P0A~\

2 
1

- 

5
~~

J l\P eA )  ~ 2

or 

- 

~r - 
~~~~

6(
~~~~ t~

) 
= 0  (8)

Solving the quadratic of Eq. (8)

~ r [ (
~)6(:o~~~

)
2]~~

Since all parameters in the ri ght-hand member of Eq. (9)  are known , the
value of can be dete rmined and used in Eq. (5) to calculate the velocity of
the flow in the entrance to the inlet.

If one assumes that the discharge p r e ss u r e  is the f rees t ream p r e ss u r e
in fli ght p~ , a flight velocity can be determined with the compressible

5
5 Bernoulli equation

u~ = + 
_

~I [(~~~) 
- 

1]J 
(10)

A-4
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The collection efficiency is defined as the ratio of mass flow in the inlet of
the device to that through an equivalent area in the freestreaxn .

P eU e11= ( 1 1 )p u

Since the compression of the flow in front of the probe inlet is isentropic,
the density changes can be related with the expression

1
V

( 1 2)
P~ Pc~

or

1

ip
S q = i — ~I —s. ( 1 3)

S ~Pcx1 / Ucx~

The parameters of Eq. (13) are measured or cal culated during calibration in
the te st rig . Therefore , a plot or 1~ ver sus flight conditions in a standard

S atmo sphere ( i . e . , u1,~, altitude) shoul d be possible.

A-5
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APPENDIX B

COLLECTION EFFICIENCY FOR PA R TICLES
Walte r F. Reddall III

1. SUMMARY

Trajectories  of spherical particles of radii 10 p.m and 50 p.m have been
calculated from initial position s well upstream of the proposed LWC meter ,
in the disturbed flow field produced by the device when moving 300 f t/ s e c  at
20 , 000 ft  altitude . The flow field was obtained using the Lockheed Godunov
code for two different  conditions of inlet internal back press u re , p/p 0 = 0 .9 9 8
and 0.980 , which correspond to internal velocities of approximately 56 and
180 f t/ s ec , respectively (p 0 is the f rees t ream stagnation p re s su re ) .  In the

f i r s t  flow field the particle number-flux at the inlet plane of the device is re-
duced about 30% below f rees t ream level s for the 10 p.m particles and about
4% for the 50 p.m particles , while number-density is increased about 15% and
2% for the two sizes.  The second flow field , which is less like a stagnating
flow, produces a 15% decrease in number-f lux and a 5% increase in number-
density for the 10 p.m particles , while the 50 p.m particle flux distortions are
less than a percent, which is probably less than the errors involved in the

calculation. Thus, it can be concluded that, to the extent the liquid water
content in the f rees t ream is predominantl y contained in drops of radius 50 p.m
or larger , the meter readings should not be si gnificantly altered by flow-field
effects .  These calculations do not account for any aircraft- induced flow-field
effects such as those produced by propellers.

2. FLOW -FIELD CALCULATION

The aerodynamic flow was found approximately using the in-house
version of Lockheed’ s time-dependent Godunov code , adapted for  axisyrnmetric
flow by 3. Murdock . The reg ion of solution and inlet g~ -imetry are shown in
Fi gure B - I .  Tick marks indicate the cell spacing, which is finest near the

B - i  
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ax i s -o f - symmet ry  and near the inlet. The cells that comprise the upst ream
S and downstream boundaries of the region are assi gned fixed gas pro pert ies:

ups t ream cells were held at 
S

S u~ = 300 f t/ s e c

2S S p~ = 973 lb f /f t

-3 3p = 1.27 ~< 10 , s lug/ f t

S while two pressure  levels in the downstream cells insid e the inlet were chosen

S arbitrari ly, using the one-dimensional compressible Bernoulli equation to
obtain the corresponding velocity

~~~~~~~1/2

u = 2y ~ o
I e V - 1  P0

For the two cases run, the values of backpressur e and exit velocity for
= 7/5 were as follows:

S 

~e~
’
~ o 

- 

Pe[h1)f1’ft2} ue[ft/secj p~ [slug/ft 3
]

0.998 1030 56 1.32 x io-3

0.980 1011 177 1.30 x icr 3

Properties in the downstream boundary cell s outside the body were
adjusted from f rees t ream levels to conform to the requirements for conser-

vation of mass , momentum, and energy in the average one-dimensional sense ,
given the blockage caused by the body and its internal flow. The oute r boundary
cells correspond to a solid wall parallel to the axis-of-symmetry,  and far re-  

S

moved from it relative to the body radius.

B-3

S 

I

Li . .~~~~ 5 - 5~~~~~~~~~~~~~~~~ S~ 5 S - 5 - 5~~~ S~~~S. S 
— - — — —~~ - —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ . .~~~~~~~~. 5 - 5



5 All interior cells were set to f rees t rearn  values and the program was

then run to convergence.  The resulting velocity vector flow field for  the cas e

of the nearly stagnating flow (p /p = 0.998)  is shown in Figure B-2 .

3. TRAJECTORY CALCULATIONS

The particles were assumed to be solid spheres  with the density of

v~ iter , 1. 939 slug / f t 3, and with variable drag coefficient depending on

Reynolds number based on diameter

[1 + 0.15 Re~~
’687

J Re ~ 1000

CD =

1.0 Re > 1000

In each of the two flow fields computed, 15 t ra j ectories were  constructed

for each particle size , starting from initial positions at the upstream boundary

of the flow field and displaced from the axis-of-symmetry by y0 /Y 0. 1,

0 .2 , . . - 1.5 , where Y (= 0.719 inch) is the internal radius of the inlet.

A continuum of particles was assumed for  number-f lux and number-
density (N) calculations, and it was assumed that t rajectorie s do not c ross

upstream of the inlet. Then if ~~A is the area of the resulting particle flux

tube between adjacent trajectories, cut by a plane normal to the axis-of-
symmetry, conservation of particles at two di f ferent  stations gives

[N(~~ .i~~~A] - = { N(~~ .~~~~~AJ -Station 1 Station 2

So the ratio of particle number- f lux  (number crossing a unit area per
unit time) at the plane of the inlet to that far upstream is the ratio of the flux
tube areas

(N u) nose
( N u) - 

~~A nose

B -4 
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S and the number-dens i ty  ratio is found by dividing by the ratio of velocity
components in the x-direction

N (uAA)
nose
N = (uAA) nose

4. RESULTS

The number- f lux  at the inlet plane is reduced because trajectories
spread as they approach the nose. Howeve r the particles slow down more
than they spread laterally, so the number-density increases over freestrearn
levels. Figures B-3  and B-4 show the effect  of the more strongly disturbed
flow on two di f ferent  particle sizes , 10 p.m and 50 p .m. The effect on the
10 p.m particles is pronounced, producing an increase of about 15% in number-

S 
dens ity, but the effect of the flow on 50 p.m particles is negligible (about 2%).
The flow field produced with an inlet backpres sure of 0. 980 is less disturbed ,

S and , consequently, the increase in number-density of 10 p.m is only about 5%,
as shown in Figure B-S.  The trajectories of 50 p.m particles are hardly dis-
turbed beyond the estimated error  bound s of the integration procedure , and
hence distortions are so negligible they are not plotted. Of course , larger
drop s would be even less affe cted by the flow field .

It can thus be concluded that, to the extent the liquid wate r content in
the f rees t ream is contained in drops of radius 50 p.m or larger , the mete r
readings should not be si gnificantly alte red by flow-field effects .
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EWER VIBRATION TESTS
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APPENDIX C
EWER VIBRATION TESTS

1. PHASE 1 (Aeronutronic-Ford , 24-30 September 1975)

The EWER systems to be mounted in the LH pod of C13OE #571

were vibrated in accordance with the schedule shown as Table C- 1.
During the random excitation phase of the schedule (input on the verti-

cal axis) it was apparent that the environment was much too severe.
The test was terminated with many EWER functions not working, (see

Table C-2). An attempt was made to revive these functions for a more

mild test. However, it was only possible in the time available to per-
S 

form the resonance search in the other two axes.

Data for all of these tests are shown in the attached fi gures.

The figure numbers are coded as follows:

Input axis Vertical Lateral Longitudinal 
S

Resonance searches
S Control 1-1 2-1 3-1

Front fixture 1-2 2-2  3-2
Rear fi-xture 1-3 2-3 3-3
Side fixture 1-4 2-4 3-4

• Condensate tube 1-5 2-5 3-5
Vapor tube 1-6 2-6 3-6
Circuit board 1-7 - -

Driver box, x 1-8 - - S

Driver box, y 1-9 - -

Driver box, z 1-10 2-8 3-8
N2 heater 1-11 2-11 3-11

Sine sweep S

Control 4-i S

Random excitation

Control 5-i
Condensate tube 5-5
Driver box 5-8
N2 heater 5-il
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Table C-I . Vib ration Test of EW ER

The EWER system is to be vibrated while it is operating in accordance
with the following criteria:

I . Position probe assembly on shaker so that unit center  of gravity 
S

is on-axis and mount is ri gid in ve rtical direction of vibration .
2 . Install electronics box on mount above or below probe

assembly (within 4 ft) .
3. Locate vibration response sensors  on inlet of evaporator

p robe , detector assembl y, and elec t ro ni c box to measure
acceleration at these points.

4. Connect 115 V , 400 Hz , 5 kW power and 5 g/ s ec  at 100 psi gN 2 sources to mounting face of box . Also connect cable
(10 ft)  f rom control panel to box . Su•’.n) y 28 VDC , 5 amp tocontrol panel .

5. Blow air into probe assembly (2 inlets) at a rate of 200 to 300
standard cubic ft / i-nm (backpressure  approximately 40 Torr) .

6. Make sine-scan at 0. 5 g to look for  resonances .
7 . Vibrate with sinusoidal input according to Fi gure C - I  with

60 sec sweep.
8. Vibrate with random noise input, according to Figure C-i ,±3 dB (-1 .5 dB, 20 to 500 Hz) for 1 hr.
9. Repeat for lateral and longitudinal axes
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Figure C-i. Vibration Criteria
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Table C-2. EWER Vibration Results

O .K . throug h 0 . 5  g sine sweep (total time, 10 mm ).

O .K . throug h the Air Force Special Weapons Center  (AFSWC)
sine sv eep .

Failed iii random excitation mode - stopped in 17 min

1. Detector dead , no signal on LED. Appears that unit is
drawing excess current (voltage down to ~—.-40 V) . Synch
LED O.K .

2 . Only vapor and A phase heater operational . Both t r igger
boards badly damaged - TC boards appear to be O.K.
Inlet heaters shorted.

3. Two 5 amp circuit brea kers ope n (B and C phases) .  Set
screws on all shaft s loose. Limit-switches on gap inactive ,
wide. Broken wire , microswj tch damaged. Gap pot no S
good.

Pending:

1. Relay on condensate heater may be out.

2 . Pulse t ransformer  on B phase of main heater may be open.

C-4
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SUMMARY/CONCLUSION

The EWER probe assembly and e lec t ronics  box were vibrated to
determine the resonances  in certain components . The unit was operat ed

S during a sine sweep (vert ical)  through a vibration environment suggested by
AFSWC as ty~picalH for the C 130 . All sys tems were operating af ter  this
3 minute test . In a subsequent endurance test  with random excitation at
levels estimated f rom MIL STD 810C , the unit was inopera ti ve af ter  a f ew
minutes . Significant damage was sustained .

The EWER is probabl y adequate for  the C 130 environment , but with 
S

small sa fe ty  fac to r .  It should be t reated as a scientific instrument , n ot as
an ai r c ra f t  a cces so ry .
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__
2. PHASE 2 (Kir t land AFB , 13 November 1975)

On 11 June 197 5, the lef t -hand pod on C-130E , S/N 64-057 1, was shake
tested to determine its vibrational character is t ics .  This data , along with
the known vibrational charac ter i s t ics  of the airp lane , were to be used as
design guidelines for new equipment to be pod mounted on the 130 ai rc ra f t .

Sinc e the 11 June 1975 test , the left-hand pod has been modified with a
EWER installat ion.  This modification consists of installing a new bul khead
just  forward of the existing forward bulkhead and installing approximately
40 lb of equipment on a t russ  struc tur e cantilevered off of the new bulkhead .

A post-modification shake te s t  was accomplished on 13 November 197 5
to determine the vibrational characteris t ics of the modified pod. The tes t
consisted of a 60 sec sine-sweep printout on an x - y  plotter , acce leration (g )
vs f requency (Hz ), of accelerometers  mounted at selected location s in the
pod. The pod was excited by inpu t in the vertical direction onl y.

J

1’

C -43



~~0~~~~~~~~~~~~~~~~~~~ ;~~~.

Table C-3

ACCELEROMETER INPUT DIRECT ION LOCATION
NO.

________________ g x-y

I .25 y TIp of EWER probe

2 .25 y Fwd end of truss structure

3 .25 x Center of added bu l khead

4 .25 y Centered on fwd-bulkhead

5 .25 y End of 2—D precipitation
part i cl e spectrometer

6 .25 y Centered between fwd &
aft bulkheads

7 .25 y Centered on aft bulkhead

/
4 6 7

/ ~~~~~~~~~~~~ - _-~ --—-~~~~~Z L
3~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _2 X
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C ONCLUSIONS

Accelerometer  No. 2 was selected to dete rmine the resonant f requenc ies
of the forward end of the pod . The test results  show that there  is onl y one pre-
dominani resonant  f requency,  approximately 25 Hz . This 25 Hz shows up in
every accelerometer location .

A comparison with the data taken on 11 June 197 5 indicates that the
forward bulkhead was the onl y location on pr imary structure which changed
considerabl y, as was expected.

Accelerometer No. 3 indicates that no potentiall y hazardous plate
bending mode s were de signed into the new bulkhead.

The 25 Hz resonance does not represent  a potential structural problem
beca use there  are no vibrational sources in the 25 Hz range.  We anticipate
no struc tural problems as a resu l t  of the EWER modification .

‘
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