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LABORATORY AND FIELD EVALUATION OF HYDROGEN
CHLORIDE MEASUREMENT INSTRUMENTATION

INTRODUCTION

The Titan III series of space launch vehicles was developed by the
United States Air Force in the mid 1960’s to insert large unmanned
payloads into space orbit. The Titan III system develops greater than 2
million pounds thrust at liftoff using two solid rocket motor segments
(stage zero) containing a total of 870,000 lbs of propellant. The solid
propellant formulation consists of a polybutadiene—acry lic acid—acry lonitrile
binder mixed with aluminum fuel and ammonium perchiorate oxidizer. The
liquid propellants used In subsequent stages—-I , 2, and 3——are the
standard nitrogen tetroxide oxidizer and Aerozene—SO fuel (50% by weight
mixture of hydrazine and unsymmetrical dimethyihydrazine) used in numerous
liquid rocket motor applications. Solid propellan t formulations used in
the initial stage lead to the generation of several toxic exhaust con-
stituents In the lower atmosphere, including hydrogen chloride (HC1)
gas, carbon monoxide, and aluminum oxide particulate. This contribution
has in turn generated considerable study into the atmospheric mixing and
ult imate fate of these chemicals (3).

Hydrogen chloride is the most toxic of three main solid propellant
effluents, and hence the exhaust constituent of primary environmental
concern (8). In the early studies on environmental effects of large
solid motor firings , HC1 in the exhaust cloud was determined by bubbler
air sampling and wet chemistry analysis (2,17,18). This procedure
proved only marginally successful due In part to sample averag ing and ,
perhaps mainly, to difficulties in sample siting . Later attempts at a
more comprehensive sampling network using p11—sensitive papers provided
only qualitative estimates of the acid exposure profile (9).

The USAF School of Aerospace Medicine (USAFSAM ) became involved in
HC1 monitoring by extension of previous work involving continuous
analysis of chlorine in chemically generated breathing oxygen (14), and
we developed a highly sensitive microcoulometer to detect sub—ppm (50 to
80 ppb) concentrations of chlorine. Since the coulometer , in fact ,
converts dissolved chlorine to chloride ion prior to detection , it
required only minor modification to adapt the instrument system to HC1
detection. Following laboratory validation of the coulometric tech-
nique, the instrument was field tested at several locations in coop-
erative programs with other Air Force organizations , the National
Aeronautics and Space Administration (NASA), and the Environmental
Protection Agency. These tests demonstrated that the microcoulometer
was an excellent tool for measuring total HC1 dosage in the static
environment.
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The airborne monitoring program at Vandenberg Air Force Base,
however , required a fast—response instrument to determine instantaneous
concentration changes in a short—exposure situation. Following an
e,irlie r NASA program (5) the USAFSAM contracted with Geomet Corporation ,
Pomona, Cal ifornia to develop a chemIluminescent—HC1 analyzer to meet
this requirement. The resulting Instrument (16) was field tested in a
June  1975 airborne monitoring test at Vandenberg AFB, and has been
subsequently . used by the Air Force Rocket Propulsion Laboratory in
assessing downwind 1101 concentrations from static test of the MX pro-
totype engine.

This report describes the operating characteristics of the micro—
coulometric and chemiluminescent HC1 analyzers and summarizes results
from the several laboratory and field evaluation studies.

DESCRIPTION OF EQUIPMENT

Microcoulometer

Description——The microcoulometer we used for both ground and air-
borne monitoring of HC1 has been described in a previous report (15).
Br iefl y, the basis for the technique is chloride precipitation by silver
ion , which is electrolytically replenished at a cost in electric current
proportional to the chloride ion (or HC1) dosage. Because Faraday ’s law
app lies and the reaction is stoichiometric , the microcoulometer is a
primary standard for chloride determination in liquid solution. The
threshold detection limit is about 3 ng (15).

In the continuous air—monitoring application, the microcoulometer
is l imited in both response t ime and dynamic range. The combination
largely precludes a determination of HC1 concentration for steady—state
exposures of more than 5 ppm for less than about 8 seconds. Figure 1
helps illustrate the problems. In the (typical) non—steady state field
situat ion, the HC1 concentration can be estimated for certain concentration—
t i me profiles. Since the instrument response time (lag time) is approxi-
mately compensated by instrument overshoot, the average concentration
can be estimated by assuming HC1 is admitted only during titration rise.
Measurement of the titration peak area gives total weight of chloride
from which HCI volume can be calculated . Average concentration is then
obtained by dividing HC1 volume by the volume of sample admitted during
the t ime interval from Initial instrument response to peak apex. In
laboratory experiments , this procedure has proved accurate to ±10% for
short exposures of constant concentration . V

Calibration——The unique advantage of the microcoulometer is that it
is a primary standard and thus does not require multiple point field
calibrat ion. We have routinely standardized the microcoulometer in both
laboratory and field tests using a standard solut ion containing 20 mg/liter
of sodium chloride in water. Syringe injection of 5 and 10 ul of the
standard at a given range setting generates a reproducible titration 

—curve of known dosage .
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HCI CONCENTRATION: 13.4 ppm
10 RANGE: 10 ohms

BIAS SET: 250 mV
— GAIN SET: 970 V

8

g 6 15 sec DOSE

1O .sec DOSE

:~~

TIME (mm )

Figure 1. Typ ical coulometric response to a steady HC1 concentation .
(The combination of a high concentration and a slow response
prohibi ts  at tainment of a pla teau and thus concentrat ion
determination in the short exposure situation.)

Che,pzlluminescent Analyzer

Description——Chemiluminescent detection of HC1 is based on exo—
t herm ic oxidat ion of 5—amino—2, 3—dihydro—l , 4—phthalazinedione (luminol)
in .Alka.i ine solution by hypochlorous acid. The light in t ens i ty  gene-
rates by this reaction is linearly proportional to HC1 concentration in
the incoming gas stream and is measured by a photomultiplier detector.
Hypocr.lorous acid is formed from HC1 by passing the incoming~ air stream
througn an alumina column coated with a solution of 10% sodium broinate
and 10% sodium bromide. This mixture reacts with hydrogen chloride to
produce hypochiorite and hypobromite which initiate luminol oxidation to
generate light. Figure 2 is a reproduction of a typical chemiluminescent
analyzer output.
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5.

4. HC! CONCENTRATION = 8.8 ppm

~ 3. . xlO SCALE

2. r
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0 1 2 3 4 5 6

TiME (mm )

Figure  2.  Typical cheml 1 ie~ inescent response to a s teady  ‘-!C~ concen t r a t i on .

A funct ional  block d iagram of the air and ‘ luid i ath s o ’~ the ch em i—
luminescent  anal yzer  is shown in Figure 3. Air is drawn through the
brom at e/bromide—coat ed  column and reaction cell  at a rate  of 2 l i ters !
minute by a diaphragm vacuum pump . L iquid reagents are fed into t~ie
reactor cell where cont Vlct is made with the air stream , result ing in a
chemilum inescence intensity proportiona l to the HC~ concentration. The
air—reagent mixture Is then pumped into a reservoir where the liquid
waste is deposited . The effluent gas is exhausted through a flow reg—
ul~it1on valve and flowmeter.

The two liquid reagents employed are (a) 0.3% hydrogen peroxide in
O.O867~ phosphoric acid , and (b) luminol (2 mg/mi) in 0.5M sodium car-
bonate. Both reagents are stable and are stored in separate reservoirs
in the instrument case. The reagents are metered in separate lines by a
constant speed—peristaltic pump and mixed in a tee Immediately upstream
from the reaction cell.

We have used three models of chemiluininescent MCi analyzers in
various stud ies; all were developed by Geomet Corporation and embody the
same luminol detection princ iple. The first instrument (Geoine t Model
401) was designed primarily for laboratory use and contained two reaction
cell s, one for detection of HC1 and the other for reference subtraction
of interferent gases. The reference cell inlet is an tmcoated alumina
column , and was found to be mainly sensitive to chlorine interference in
chlorine—HC1 mixturet~ (5).

Becau’a’ of the relative bulk of the laboratory instrument , the
USAFSAM contracted with (eome t Corporation in late 1974 to develop two

4
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Figure 3. Functional block diagram of the a i r  and f l u i d  paths in the
Geomet Model 4028 chemiluminescent MCi monitor.

improved chemiluminescent—HCI analyzers for different f i 1 ~i app licat ions——
ground and airborne monitoring. The improved ground instrument (Model
4018) is about one—fourth the size of the (‘.eome t Model 401 and weighs
only 13 kg (30 lb), making it easily portable f r  field deployment . The
airborne monitor (Model 402B) is a split instrument with separate con-
trol and sensor components , for ease of installation in aircraft. The
4028 is designed for 28 VDC operation . The performance specificat ions
for Models 401, 4018, and 4028 instruments are shown in Table 1.

Calibration ——Ca librat ion of the chem11umjnesc&~nt HC1 monitors hasbeen accomplished in the laboratory by standard ization with a microcou—
lotneter. Figure 4 Illustrates the setup used in the ~V ll 1h ra t ion proce-
dure. A steady concentration of HC1 gas is pass l s1m~iltaneou~ 1v iii t
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TAB LE 1. PERFORMANCE SPECIFICAT In ’:  FOR THE V
~~~~~~~FT

HYDROGEN CHLORIDE ~~)N’

O p er i t  Ing ranges , nnrn 0—0.5 0—0. ’ 0—0 .2
0—5 0— !  0—2
0—~ 0 0—10 0—2 °

0— 100
1hr~’shold sensitivity, npr ’ 0.05 n .oi 0 .02
Phy s i~~i ’ ~ lmen s !on s , rn 5 0/ 7 ° /2 5  2 2 / 3 7 / 2 5  S— 2 5 / 4 6 / 2 0

W/D/H c— 40123/l0
W e i g h t , kg 

. 
2 2 . 7  13.5 S— H . 6 ;  C — 4 . 5

req. VAC/watts 110/250 110/250 —

VDC/ w a t t s  — — 2 8/75
t’na t t end~ d p~ r ~orma n cc , hr  8 4 6
L i ’w a r i t v , ppm 0— 50 , +57 0—50; ±~

% 0—~00; +57.
Response t inc 1 second to  90~ f u l l  scale
Recovery I second to 10~’
S t a r t — u p  t ime 10 minu te s
Temperature  range  0—4 0 °C (32— 104 °F)
R e l a t i v e  h u m i d U v  r an g e  10—957 R . H .

~ HCI STANDARD MIXINGGEOMET MODEL 402B \ GAS MIXTURE ‘CHAMBERCHEMILUMINESCENT P42 DILUENT
HCI ANALYZER 

VENT

Figure  4.  (‘,eomet (Model 4028) calibration setup .

both the coulometer and the (Vhemiluminescent analyzer under a slight
positive pressure. When rh . stead y — s t a t e  response is achieved b y the
roulom( t er , t h e  c o n c e n t r at i ~ ln may he calculated (15) and used to adjust
the span on the chem i!u rnin t-s - ent analyzer. We have used HC1 gas mix-
tures pr . diic e .d ~-onmu•r ~ ii lv !n prt~ riz1 d c v i  Inders , and also produced
In the  l a b o r a t t r y  by pa ss i ng n i t r e~ze~ gas over i d ii f usion tube !n a 
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c a l i b r a t i o n  oven ~A n a ly t i e a l  In s t rumen t s  Development ~1 d e l 109) .  The

~ di luen t  n i tr o g e n  maY be passed th rough  a w a te r  b u b b le r  to humidif y the
gas p r io r  to a d d i t io n  of H C 1 .  A low r e l a t i v e  h u m i d i t y  E n h i h i t s  t h e
c h e m i l u m i n e sc en t  rt ’io t ion  by d ry i n g  the  b r o m a t e — h r o r : i c  c t  Ing in the
column and t h u s  s l o w i n g  t h e  hy p o c h l o r l t e / h y p o b r o m i t . — p r ’d u c i n g  rea ct ion .
In f i e l d  t e s t s , t h e  ch e m i l u min e sc e n t  ana l yzer  has been c a l i b r a t e d  in  t h e
laboratory befor e and alter each field measurement , with a c c e p t a b l e
r e p r o d u c i b i l i ty  (~~2 ) .

Fl :L 1) l ; v A I V U A T  I t )N

C;i~ e Canaveral Air Force Station

B c ~~ j o u n d — — I n  m jd—1~~72 the ~ationa 1 Aeronautics and Spac e  Ad m i n i -
stration initiated a ompreliensive rc~:ram of m onitoring space launch
v e h i c l e  effluents in response to  and support of th e Final EnvironmeTital
Sta tement  fo r  the  Space S h u t t l e  pr ogr am ( 4 ) .  At t i c  reques t of the
Langley Research  (aflt er , the USAFSAM particip ated in t h e  t ropospher i
(ground)  monitoring ort i o n  of t h i s  proj ( ( V t .  The pr imarv object ive of
t he  program was to o b t a i n  f i e l d  d a t a  t r val ld~~ i n  of t i c  mul t i l a r
d ispersion model emp l oyed by NASA to predict the ~ a’. t a r  of 1 -fli nch
vehicle  ground e x h a u - t .  Measurement systems e r a i ~~~~~l b ~A S \  in lu d e d
de tec to r s  I c r  h v d r o i ~~n c h l o r i d e , carbon  monox a , ( V a r ~~on d l o x  i d ~ • 001
aluminum ox ide part iculat e . The [SAF SA ~1 p a r t  i ipa~ on inv olved ou r
rn ic’rocoulometric detectors for measurt tr -r -lt of t o t  a~ c hl o rid e in  t h e
surface , x V .o~~~ V t  C b ids. W~~

V pa r t i c  1 ~~ it  in •i • ot a I of  e i~ :ht m on itoring
t e s t s  d u r i n g  t h e  perIod November 1972 t h r o u g h  ~~, ; t t r :  1975.

November  19 72——On 9 November 1972 , a Delta—Thor r L ’et d U f l  1 ~~~I S

monitored f o r  detect ion f P C I  and par t  i cu ot c  .~ n . ; ~: r .1 i n  in :he
ground c loud . HCI measurements  were conducted by tinn e m i c r cou i ~~r ~~r
(and several b u b b l e r s )  at  s i t e s  shown in  Figure S. Delt i l a u n c h
occurred a t  20I~. hours f r o m  launch complex— I7 (LC—l7~ at Cape C~ n a v t ’r a l
Air Force S t a t  ion . The c ou b o m e t e r s  at s i t e s  “R” and “S” w e r e  oper ,t .u
by USAFSAM personnel while the coulometer at “~AMi

’ was unmanned . NASA
personne l dep loyed mass—mon itoring instrumentar~ on it sites ‘ R” , mV ~ “S.
No other  i n s t r u m e n t a t i o n  was dep loyed . Continuous monitoring c i  t h
t h ree  couloineters  showed no q u a n t i f i a b l e  d e t e c t i o n  of H CI  in t h e  atmo-
sp here d u r i n g  or a f t e r  launch , a t t r i b u t e d  in a r t  t o  t h e  f a c t  t h a t  t he
p r e d i c t e d  a ’aximum HC 1 concen t ra t ion  at the S’ ~ I t i  wO s 0.075 ppm
(0.12 mg/rn 3) which was below the threshold sensit ivit y of 0.08 ppm
(0. 13 mg/rn 3). A d d i t i on a l ly , a wind s h i f t , wh ich  occurred shor t l y t o r t
launch , p laced the  coulometers  at the out side edge of the  ac tua l cloud
t r a j e c t o r y .  P a r t i c u l a t e  measurements made by NA SA , however , showed
cloud ar riva i almost exactly in accordance with model prediction (10).

Decemb e~_ij~~~——On 13 December 1973 , two microcou 1omete~~s were
deployed , along w i t h  a f u l l  comp l ement of NASA monitoring instruments
for launch of a Titan UrIC at Cape Canavera l (LC—40) . Because of the
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Figure 5. Samp ling sites of TJSAFSAM coulometers for the
9 November 1972 launch of a Delta—Thor at Cape
Canaveral AFS.

predicted (seaward) path of the exhaust cloud and the issuance 01 small—
craft advisories , all measurements were confined to land In the area
between the launch pad and approximately 2 kin downwind (Fig. 6). The
microcoulometers were dep loyed in the so—called faliback zone and were
unmanned 3 hours before launch to approximately 1 hou r after l aunch .  Nc’
measurable effl uents were recorded by either t~~u microcoulometers or any
of the NASA gasco - or part iculate monitoring V t eTli n (6). WhIte particles
found  on top of the  mic rocou l  cm, ’ or  c an e  I t  S i  t o  F indicated that at
least  a p o r t i o n  of ih e  b u o y a n t  exhaus t  c loud  t , - ~~ d overhead of that
m o n i t o r i n g  si t e .  
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_km

Figure  6. Samp l i n g  si tes of USAFSA M coulometers  for  the
13 December 1973 launch of a Titan ITIC at Cape
Canaveral  AFS .

February 1974——Microcoulometric measurements for ground—level HC1
were conducted during the launch of a Titan TIlE—Centaur on 11 February
1974. Because of capricious winds , no HCI was detected by the coulom—
eter s nor any of the NASA HC], detection instruments (19). Figure 7
shows the sampling positions of the HC1 monitors employed for this test.
Ac tual cloud travel was south of the dep loyed mon itor ing ships and did
not make contact with any of the monitoring instruments.

May 1974——Downwind effluent HC1 was detected for the first time in
the NASA/A F monito r i ng program, following launch of a Titan ~LIC vehicle
from LC—40, Cape Canaveral Air Force Station on 30 May 1974. The USAFSAM
monitoring equipment included a microcoulometer and a chemiluminescent
analyzer (Geomet Model 401), both deployed on an ocean tugboat at site
P—2 (Fig. 8). Figure 9 shows a reproduction of the response obtained
with the microcoulometer. The average HC1 concentrat ion of 1.8 ppm
(2.9 mg/rn3) was obtained at T+22.8 ~ inute~ at the pos iti on indicated on
Figure 8. The detection t ime was confirmed by the chemliuminescent
detector although its pulsed—type response largely negated accurate
quant Itat ion .
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P-i (1+30 SECONDS)

LC-41 .- — — — ‘
~~~~~~~~~~ 

— —

LC-40 - — - -
~~~~ P-I (1+30 MW4UTES)

WIND

N
TI TAN

VIB

5km

Figure 7. Sampling sites of USAFSAM coulometers for the
11 February 1974 launch of a Titan IIIF.—Centaur at
Cape Canaveral AFS.

The tugboat (P—2) arrived at its prelaunch holding position approxi-
mately 5 km from LC—40 at about T—2 hours. This position, iimnediately
north of the boat—hit—probability—contour , was maintained until launch.
At T+4 minutes, P—2 headed south toward its preassigned sampling location .
Concurren t with launci., however, a southerly wind shift was detected and
the vessel was vectored in a more southeasterly direction for cloud
interception. At about 1+19 minutes, the tugboat made contact with the
outer edge of the moving exhaust cloud , approximately 5.2 km from LC—40
on an 810 azImuth. During the estimated cloud passage time of 1.9
minutes, the total HC1 dosage was 454 ng (as chloride) which calculated
to an average concentration of 1.8 ppm HC1. This concentration was well
below the time—weighted average short—term public limit of 4 ppm for
10 minutes (8). The average HC1 concentration was estimated by assuming —
the total chloride dose was admitted during the 1.9—minute passage time.
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WIND

Trim
V.

Figure 8. Sampling site of USAFSAN coulometer and chemi—
luminescent analyzer for the 30 May 1974 launch of a
Titan IIIC at Cape Canaveral AFS.

December 1974——The fifth NASA/AF monitoring test occurred on
10 December 1974 during launch of a Titan IIIE—Centaur vehicle from LC—41,
Cape Canaveral AFS, Florida. Brooks AFB personnel participated with two
microcoulometers, one deployed on land and the other at sea (Fig. 10).
No HC1 was detected by either instrument, nor by NASA HC1 detection
equipment deployed concurrently at the sites.

May 1975——A 20 May 1975 launch of military comunicat ions satel-
lites by a Titan IIIC boost vehicle was monitored by NASA and IJSAFSAM
personnel for toxic constituents in the downwind exhaust cloud. The two
USAFSAM coulometers were deployed at sea at sites P—i and P—2 (Fig. 11).
No HC1 was detected by Brooks instrumentation, nor any other instruments
at these sites. The operators observed the exhaust cloud passing in a
southerly direction west of the two sites (toward land). Positive data
were collected by at least two of the four NASA land sites (7). —

11
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Figure 9. Coulometer trace of HC1 detected on 30 May 1974
after the Titan IIIC launch at Cape Canaveral APS.

August 1975——The first Viking A of the two—part Mars—lander program
was launched on 20 August 1975 by a Titan IIIE—Centaur boost vehicle .
Unstable meteorological conditions before launch forced grid placement
along two predicted cloud paths, one on land and the other at sea (Fig.
12). The USAYSAM personnel and equipment were located at monitoring
sites P—6 and P—7.

No MCi was detected by the coulometers nor by NASA equipment at
these sites. Personnel at site P—6 observed the cloud moving to the
north. Similarly , the monitors at P—7 watched the cloud split into two
segments , one moving north of their position and the other south.
Preliminary results showed that only one instrument , a lone chemilu—
minescent HC1 monitor deployed in a truck (P-b ) at launch, recorded
positive data.

September 1975——The Viking B Mars—Lander was launched by a Titan
IIIE—Centaur boost vehicle on 9 September 1975. HC1 measurements were
again made by both USAFSA1I microcoulometers, and by the full complement
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Figure 10. Sampling sites of IJSAFSAN coulometers for the
10 December 1974 launch of a Titan IIIE—Centaur
at Cape Canaveral AFS.

of NASA instruments at 8 of the 9 primary sites. Overcast and rain
threatened the launch with slight—to—heavy precipitation interfering
with post—launch cloud travel and data collection. The USAFSAN micro—
coulometers were lotated at sites P—6 and P—7 (Fig. 13). At 1+16
minutes, one minute before the predicted cloud arrival , the coulometer
at P—6 recorded an average concentration of 0.13 ppm (0.21 mg/rn.3) for 5.3
minutes. The total dose of 42 ppm—sec of MCi was detected .

The coulometer at P—7 detected H0~l at 1+73 minutes, just as in-
structions were received to begin shutdown because of an impending
thunderstorm. Chloride titration yielded a total dose of 480 ppm—sec
of MCi and an average concentration of 4.0 ppm (6.5 mg/m3). Figure
14 shows the  response of the microcoulometer at s i t e  P — 7 .  —
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Figure 11. Sampling sites of USAFSAM coulometers for the 20 May
1975 launch of a Titan IIIC at Cape Canaveral AFS.

We postulate that the 4.0 ppm MCi (gas) concentration detected by
the coulometer was washed down by rain, possibly from the ground cloud
or perhaps from portions of the exhaust iigher in the troposphere. The
inlet to the coulometer was shielded from direct rainfall throughout the
measurement period.
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Figure 12. Sampling sites of USAFSAM coulometers  for  the 20 August
1975 launch ‘of a Titan TIlE—Centaur at Cape Canaveral
AFS .

Vandenberg Air Force Base

V Background——The USAF School of Aerospace Medicine provided instru-
ment development and monitoring assistance to the Space and Missile Test
Center in support of SAMTEC—TN— 10—72—0Ql. Our primary objective was to
develop analytical tools to obtain accurate measurements of MCi in the

V ground cloud . Secondary objectives were to validate diffusion estimates
to aid in answering biomedical questions on the potential hazard of MCi
in both gas and aerosol form, and on biological synergism which might
obtain in HC1 and alumina particulate combined to any significant degree.
A threefold instrumental approach was proposed. First , the microcouloa-
eter was repackaged for helicopter monitoring to obtain average cloud
concentration of total chloride. Secondly, a fast—response chemilumi—
nescent analyzer was developed to determine cloud concentration of Rd . —
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Figure 13. Sampling sites of USAFSAN coulometers for the 9 September
1975 launch of a Titan IIIE—Centaur at Cape Canaveral AFS.

Thirdly, a breadboard gas filter correlation (infrared) spectrometer was
developed as an alternative instrument for measurement of gas phase MCi
(1). The microcoulometer and chemiluminescent analyzers were success-
fully test flown in a helicopter as indicated below. The infrared
detector , although conceptually adequate, proved unstable in laboratory
t r ia ls  and wil l  require fu r the r  development before f l igh t  test is V

feasible.

November 1973——The USAFSAM participated with SAMSO/SAMTEC and the
Jet Propulsion Laboratory in monitoring exhaust effluents from a Titan
hI D launch at Vandenberg AFB on 10 November 1973. The USAFSAI4 con-
tributed a repackaged m!crocoulo.eter adapted for continuous analysis of
Md. The sampling platform was a UHIN helicopter from the Air Force
Flight Test Center, Edwards AFB, California . In successive penetrations
of the ground exha ust cloud , the microcoulometer made cont inuous measure-
ments of HC1 concentration , in con junction with SAPTF EC deployment of
pH—sensitive papers. —

V
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Figure 14. Coulometer trace of HC1 detected on 9 September
1975 after the Titan IIIE—Centaur launch at
Cape Canaveral AFS.

During the 58—minute mission, the helicopter made 20 separate
penetrations of what was assumed to be the exhaust cloud . The first
penetration was made at 4 minutes after launch (T+4) and the last at
T+58 minutes. Figure 15 shows a computerized reproduction of the micro—
coulometer response as a function of time—of—flight . The numbers 1
through 20 along the abscissa indicate cloud penetration. Table 2
summarizes the MCi dosage and average concentration determined by the
microcoulometer for each of the 12 passes where positive response was
obtained . Average concentration was calculated by assuming MCi was
admitted only during peak ( t i tra t ion) rise (or the f i rs t  t i tration rise ,
in the case of multiple peaks).

The maximum average concentration of 11 ppm was observed during
pass No. 5 , at T+l8 minutes , and an altitude of about 3000 f t  (914 m) .
The maximum dosage , of 67 ppm—sec , however , was observed during penetrations
No. 6 and 7 at T+20 minutes. Translation of the dosage values to the ground
contact/human exposure situation requires adj ustment for the relative
speed of the helicopter and the prevailing wind ; i .e. ,  assuming a 3—knot
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Figure 15. Coulometric airuorne HC1 measurements; response
frw 10 November 1973 monitoring of a Titan h I D
launched at Vandenberg AFB.

TABLE 2. SUMMAR Y OF AIRBORNE MCi MEASUREMENTS,
VANDENBERG AFB , CALIF., 10 NOVEMBER 1973

Estimated
Peak Time from A1tit~ de HC1 dosage concentration
No. launch (mm ) (ft) (ppm— icc) (ppm)

1 4 1700 18 0.81
2 11 1800 5.9 0.11
3 15 1400 1.3 0.1 1
5 18 3000 52 10.6
6—7 20 3700 67 0.36
9 35 6400 53 0.27

10— 11 39 6200 11 0.17
a
TO convert feet to meters , multipl y by .3048.

wind ve locity, the dosage measured at a 60—kno t sampling speed must be
inc reased by a factor of 60/3 or 20, to obta in the corr.spond l ng sta-
tionary point dosage . The concentr ation est imates can be translgt .d
with no adjustment . The validity of any translation ii problematic ,
however , since the cloud was seen to rise throughout the 1-hour mission .

The coulo.eter was positioned an the lef t side of the heli copter
behind the copilot seat. Sampling was accomplished through a 15—cm
Pyrex glass tube iglet extending horizonta lly through the left door of
the helicopter (90 to the air stream). Sample flow rate was 93 cc/Pin.
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Ope rat ing condit ions for the coulomet er  w er e :  bla.. 251 a .; gain - 970,
and range se t t ing  ( s e n s i t i v i ty )  — SO ohmi. m i t  15111 . a!~~r •~~- reaar d  t.
90 ohms when HC 1 cons ’en t r a t i n  I l m i n i s h e d .  ~~~~~ 

(~~~l!I V 1SlV I I ~,‘ V p ~~~tg t ..d

in the continuous samp l ing mode thr oughout  th t  •l I L  ci pt b r  iw’
b r i e f  periods following penetrat ions 1 and 5 ( F b g .  I S ) .  I ’u r l n g  b o t r
these passes, it  was v i sua l l y  de te rmined tha t the H~~1 Vn ,,.nt r4t 1ur~
might exceed the dynamic limit of the coulom~ t *.r ~~a ~ ~p.) and
samp ling was t emporarily discont inued to pe~rmic a • ‘ • ‘ IV

admit ted  sample.

The resu l t s  of t h i s  f i r s t  m o n i t o r i n g  teat wet, ~~~~~~~~ to e.tab1j~.~
feasibi l i t y  of the  inicrocou lomet  r Ic appr a h V ~~~~~~~~ rd ~~~ (V at i onal
problems were encountered during the misaim whl CtV caPmpro li..e the e~ r 1v
data. First , the coulometer inlet l ine was not pas..ivated prior to
flight which may have caused sample loss due to waH absorption durin g
the first several cloud penetrations. Secondly , variation .- in sample
flow were noted during the first 10 minutes of test , but stabilized
after pass 3. Thirdly, the overcast weather conditions at launch time
rendered differentiation of the exhaust cloud extremely difficult ,
par t i cu la r ly  in the l a t te r  part  of the miss ion . C e r t a i n l y  t h e  da ta
collected after T+l7 minutes were from pockets of (V Vsumed) exhaust
found at altitude above 2500 ft (762 is) which was above the estimated
inversion layer.

April 1974——An airborne monitoring test was attempted during launch
of a Titan h I D  at Vandenberg AFB on 10 April 1974. This test was
canceled at the last minute due to failure of the No. 2 engine on the
helicopter. No data were obtained .

October 1974——The second airborne monitoring test was co.”iucted on
29 October 1974 during launch of a Titan h I D  vehicle f rom Vandenberg
Air Force Base. The equipment deployment was identical to that of
November 1973. However, care was taken in this test to passivate the
coulometer inlet by frequent injection of gaseous MCi samples up to
5 minutes before takeoff. The fligh t p lan again called f~ r multip le
penetrations of the exhaust cloud for as long as it remained a visible
entity.

The results of the October 1974 test are summarized in Table 3 by
cloud penetration where visual confirmat ion obtained ( f i r s t  pass o n l y ) ,

V 
and by individual instrument response thereafter. The results are given
for each peak in terms of HC1 dosage and estimated MCi concentration .V 
Figure 16 shows a computerized reproduction of the coulometer response
as a function of flight t ime .

The results correlate well with the November 1973 test although
somewhat higher HC1 concentrations were observed which prevailed for~a
longer period of t ime . However , these were mainly small tufts of
exhaust found at altitudes above 3000 ft (914 m), and were probably not
part of the “ground” cloud .
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TABLE 3. SUMMARY OF AIRBORN E Hcl ~EAS~2R EV~~
.rc ,

VAN DENBERG AFB , CALIF., 29 OCTOBER 974

Est Ima ted
Peak Time from Altitle HC1 dosage concentration
No. 1 aun ch~~~~p) (ft ~~ - 

(ppm- sec)  
— - ~j ppm)

1 1 500 28 11
2 4 1250 350 30
3 9 3500 5 2
4 10 3500 96 19
5 10 3500 26 7
6 ii 3500 30 9
7 11 3600 22
8 13 3700 9 0.4
9 15 4500 8
10 16 4600 29
11 17 4800 10 5
12 19 5400 3 1
13 24 6600 5
14 25 6600 2 0 . 2
15 28 6500 3 1
16 29 6400 3 0.2
17 38 5700 100 16
18 38 5700 78 lb
19 39 5700 4 2
20 42 6000 39 1
21 44 5200 106 2
22 48 4800 28 1
23 50 4600 26 —

24 56 4300 38 8
25 56 4300 51 10
26 57 4300 15 5
27 58 4300 3 1
28 59 4300 16 3

aTo convert feet to meters, multip ly by .3048.

Pursuit of the planned mission profile was, In fact , largely
negated by a fog bank which rolled in from the ocean at about T+
minutes , and almost totally obscured the visible exhaust cloud Hence,
the decision was made, in flight , to climb above the fog bank and moni-
tor the visible patches of exhaust.

At several times during this mission, the microcoulometer exhibited
anomalous behavior which has not been satisfactorily reproduced . The
microcoulometer gave an excessively late response to the first two
exhaust cloud penetrations at T+2 and T+3 minutes respectively at 1250 ft
(381 i s)  altitude . These two successive passes were visually well
defined and noted by the flight crew. The microcoulometer gave a single —
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Fi gure  16. Coulometric  airborne HC1 measurements;  response from
29 October 1974 moni tor ing  of a T i tan  h I D  launched
at Vandenberg AFB .

combined response (peak No . 2 in Figure 16) at about T+14 minutes. A
second anomaly observed In several responses was an atypical fast decay
and undershoot of the  coulonietric t i t r a t i on  curve . Examples in Fi gure 16
i n c l u d e  peaks 2 , 6 , 10 , 18, and 25. Possible exp lanations for  th i s
behavior include power surge, intermittent electrical short , and/or
electrolyte displacement in the titration cell due to aircraft vibration
and/or banking. The anomalies have not been successfully reproduced in
t h e  l abora to ry  a l though  several suggested causes have been eliminated
(e . g . ,  radio interference , large HC1 dosage, and/or particulate inter-
ference). In any case , the concentration values (Table 3) for these
response peaks were calculated by neglecting the undershoot area beneath
the baseline , and hence may be in error.

June 1975——A third airborne monitoring test of a Titan h I D  launch
was conducted at Vandenberg AFB on 8 June 1975. For this test the
samp l ing platform was modified by the addition of a fast—response chemilu—
minescent HC1 analyzer (Ceo1met Model 402B) , four—channel magnetic tape

9
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recorder  (Tandberg Series 115), and new sample in le t  sys t em.  The nag—
n et i c  tape recorder was employed to record data from the microcoulometer ,
chemiluminescent  and (JPL) p a r t  icu l at e  analyzers , as well as a simul-
taneous voice record for ease of data reduction. The revised sample
inlet extended out the le~ t door of the helicopter about 4—6 in (10—15 cm)
and then forward 18 in (46 cm) In the direction of flight.

The data from the 8 June 1975 launch at Vandenberg  AFB are repro—
du ca V d  in F igure  17 and sumi ar i z e d  on a re sponse—by—peak  basis in Table 4.
Throughout this mission the correlation between visual penetration
of the exhaust cloud and response of both the chemuluminescent and
particulate analyzers was essentially instantaneous. The overcast
c e i l i n g  of 1300 to  1-~00 f t  (396 to 427 m) prevented the helicopter from
penetrat ing the m a in body of the exhaust cloud d u r i n g  the i n i t i a l , f a s t —
rising approach to inversion layer stabilization . The O Ve ’ c ac t  remained

~rntil nearly 30 m inutes af ter launch , at which time the helicopter
ci imbed above the inversion layer to search for  v u s i b l e  p a t c h e s  of
e x h a u s t .  Peaks l a e e d  1 through 13 in Table 4 were recorded ~e1ow the

V V.~~ rcast , whereas all subsequent peaks repre sent HC 1 concentra~ ions
observed in pa tches  of brown haze found above the  inversion layer .
Because of baseline shift , the microcoulometer produced only four
q u a n t i f i a b l e  peaks dur ing  the  mission .

Un iversity of California — Rivers ide

August  1974——Th e U SAFSAM provided HC1 monitoring assistance to the
U n i v e r s i t y  of C a l i f o r n i a , Rivers ide  (UCR) , Statewide Ai r  Pollut ion
Research Center , in conjunction with Contract F33615—73—C—4059 with the
Aerospace Medical Research Laboratory, Wright—Patterson AFB , Oh io.
During a 21 August  1974 v i s i t  to  UCR~ a USAFSAM microcoulometer  was
employed to determine  HC I bu i ldup  and decay in experimental  growth
chambers used to expose o rnamenta l  p lan t s  to various concent ra t ions  of
m is’~ile exhaust products. Results of these studies have been reported
by Lerinan et al. (11).

~~ptember_1975——A second two—day series of tests was conducted at
13CR on 23—24 September 1975, to validate the 13CR method of analysis for
HC 1 in p lant exposure chambers. 13CR employed an automat ic chloride
t-[trator to determine HCI content of bubbler samples collected in dilute
nitric acid . The USAFSAM compared this method against a continuous HC1
chemilum inescent analyzer (Ceomet Model 4018) drawing sample directly
from the plant exposure chamber.

Comparison of the measurement methods was done at f i ve  HC 1 concen—
trat ions in the plant exposure chamber. A schematic of the tes t  setup
is shown in Figure 18. A given Concentration was obtained in the
chambe r by syringe pump in jec t ion  of hydrochl oric acid into a heated air
stream which entered the chamber via an internal manifold. At each HC1
concentration , chemiluminescent measurements  were made by averaging
three 1—minute readings, while the imptnger collected a 15— , 30— . or
60—liter air sample for analysis by au tom .a ~~1c ch lo r ide  t i t r a t i o n .
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Figure 17. Chemiluminescent HC1 analyzer vs JPL particulate
a n a l y z e r ;  response f rom 8 June  1975 a i rbo rne
monitoring of a Titan h I D  launched at Vandenberg
AFB.

The results of t h e  comparison are shown in Figure 19. Agreement
between the  two methods was w i t h i n  the  l i m i t s  of exper imental  error .
The chem iluminescent analyzer was prestandardized against the chloride
t itrator using a steady hut unknown concentration of HC1 in nitrogen
supp lied by an oven ca l ibra t ion system ( A . I . D .  Model 309). Four cali-
bration runs were made during the two days of experiments. With the
same flow conditions on the calibration delivery oven , the chemilu—
minescent analyzer gave a response of 3.36±0.30 volts to a titrator
measured concentration of 4.22±1.24 ppm (by volume) HC1 (Table 5).
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TABLE 4. SUMMARY OF AIRBORNE HC1 MEASUREMENTS ,
VANDENBERG AFB , CALIF . ,  8 •JUNE 1975

Chemiluminescent
Time Coulometer analyzer
from RCl Estimated Concen— HC1

Peak launch Altitude dosage concentration tration dosage
No. ( mm ) ( f t ) a  (ppm-see) (ppm) (ppm ) ~~ pm -sec)

1 4 1200 1.54 5.8
2 5 1200 1.80 14.6
3 9 1300 0.30 4.2
4 11 1300 0.50 5.9
5 12 1300 67.6 1.20 0.36 7.9
6 14 1300 48.1 0.87 0.38 6.5
7 16 1300 73.8 1.30 0.30 9.7
8 18 1300 0.10 1.7
9 19 1300 0.17 4.3
10 20 1300 0.15 2.5
11 22 1350 42.1 0.77 0.15 4.6
12 24 1400 0.15 5.3
13 28 1850 1.24 31.1
14 46 5300 1.56 17.8
15 48 5600 0.36 7.8
16 50 5600 0.70 6.8
17 52 5600 0.66 2 .9

a
TO convert feet to meters, multiply by .0348.

Naval Weapons Center - China Lake

In August—September 1974, the USAFSAM participated with NASA/Langley
Research Center , SANTEC, and NWC in monitoring HC1 in the ground exhaust
cloud from static test of small rocket motor firings at the Naval Weapons
Center , China Lake , Calif. A group of 22, 8—lb (18—kg) solid rocket
motors (SRM) were fired vertically downward from a 20—ft (6—rn) tripod ,
for three purposes: (1) instrument comparison between the coulometer
(USAFSAN), chemiluminescent analyzer (NASA), p11 recorder (SA}ITEC) bubblers
(NASA), and silver nitrate indicator tubes (NWC); (2) source term measure-
ments with the instruments located in concentric circles around the
firing stand ; and (3) diffusion measurements with the instruments lo-
cated in a pie—shaped sampling grid downwind of the firing stand . Six
motors were fired for instrument comparison , 5 for source term measure-
ments , and 11 for diffusion tests. Results of the instrument comparison
showed good agreement between the two coulometers in terms of total dose
(ppm—see); two chemiluminescent ana l yzers indicated good agreement on
maximum concentration but a wider standard deviation on total JOSe The
pH recorders showed wide deviation in both concentration (based on
slope) and dose (based on area), The source term measurement tests
showed maximum concentra t ions of approximat el y 130 ppm HC1 for those
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Figure 18. [CR plant ex osa r . chamber: A. coni~ ressor;
B. heated lin e ; C. syringe pump fo r HCI injection ;
D. d i-., t r .-~~on m a n i f o l d ;  E. p e r f o r a t e d  base ;
F. h igh—volume exhaust motor; C. bubbler for
HC1 co1ie~’t ion in dilute nitric acid ;
H. chem iluminescent HC1 monitor.

det ectors located very close to the centerline of cloud travel and less
than 25 m from the test stand. The diffusion test data , although some-
what limited , provided one network for scaling of meteorological models
from small—to—medium and lull—scale launch predictions . Detailed results
of the phase I and II studies have recently been published by Nadler
(13). The phase III d n f usion studies were sponsored by NASA and will
be reported in a separate publication .

Marshall Space Flight Center — Huntsville

Background——In orde r to broaden the data base for validation of the
NASA multi—layer diffusion model, the USAFSAM conducted HCI measurements
of the exhaust cloud from a series of static tests conducted at the
Marshall Space Flight Center (SFC), Huntsville , Alabama. The test
firings were designed primarily to assess the effect of flame—bucket
geometry on environmental noise pollution from the space transportat ion
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Fi gure 19. UCR chlor ide titrator vs chemiluminescent HCI
monitor (Model 4OlB).

TABLE 5. CHEMILIJMINESCENT HC1 ANALYZER CALIBRATION DATA ,
UNIVERSITY OF CALIFORNIA , RIVERS IDE , CALIF.,
23—24 SEPTEMBER 1975

Chemiluminescent Chloride t itrator
analyzer concentration

Date/time response (volts) 
- 

ppm mgJm~

23 Sep/morning 3.25 2.6 4.2
23  Sep/afternoon 3.10 5.2 8.4
24 Sep/morning 3.80 3.9 6.3
24 Sep/afternoon 3.30 5.2 8.S

Average 3.4± Q .3 4 . 2 ± 1 . 2  6 .9±2 .0

- a- ,

___ _ _
~~ 
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system (space shuttle). The test vehicle was a 6.4% scale model of the
shuttle launch configuration (liquid—fueled center engine plus two
solid—fueled strap—on boosters). The HC1—monitoring program was an-
cillary to the main acoustic measurements, and was a cooperative effort
with the Arnold Fngineering Development Center, funded by NASA.

February 1975——On 8 February 1975, the first HCI measurement test
was made using a USAFSAI4 microcoulometer and chemiluinthescent analyzer,
deployed 15 m apart , 150 m downwind of the test stand as shown in
Figure 20. SInce the shuttle launch pad deflects solid motor exhaust
180 from the liquid motor exhaust , the instrument deployment was
optimized to detect the solid exhaust (within the constraints imposed
by availability of electrical power).

10.lm
30° WIND DIRECTiON

ft (215°. 4.5mph)
00 7 ~ / 5.2m

150 m
/ /

TEMPERATURE: 48°F 19°C) / /RELATIVE HUMIDITY: 74% ( /

/
_ _ _270’ —_--

~~~~~ 

900

I 75m
0 CHEMILUMINESCENT ANALYZER CONCRETE APRON
A COULOMETER

l in=50 m

180°

Figure 20. Instrument placement diagram of teat fire,
8 February 1975 , at Marshall SFC.
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The instruments ’ responses are shown in Figure 21 for the t ime
interval from 1—0 to 1+6 minutes. A summary of the diffusion measure-
ments is in Table 6. These results represent only trailings from the
buoyant exhaust cloud as it passed over the instrument site. Sequence
photos showed that by 1+10 seconds the main body of the cloud had begun
t o  rise while only 100 m downwind from the test stand . At T+20 seconds
the visible cloud was well off the ground (10 in) and continuing to rise
as it passed over the instruments. At no point did the main body of the
moving cloud come in contac t  wi th  the instruments.

• RANGE: 25 ohms
FLOW: 100 cc/mm

~ 0.2 E

SCALE: x lOO (1 V = 5 ppm)

~~~~~~~~~~~~~~~~~~~~ 
J~
._-.U I\~

..__

TIME AFTER IGNITION (mm )

Figure 21. Coulometer and chemiluminesceut analyzer responses
to HC1 detection , 8 Vebruary 1975 , at Marshall SFC.

March 1975——A second effort with NASA Marshall SFC on 26 March 1975
produced positive but onl y marginally useful results. At ignition, the
two strap—on booster motors  broke loose from the center tank. One
traveled more than a mi le  down range. The other lodged in the test
stand and burned to completion. The exhaust cloud from the second
booster r emained close to the ground and rolled slowly toward the
instruments which were positioned within 75 in of the test  stand . Upon
contact with the cloud , both instruments registered off—scale readings,
thereby enabling us to report only that the concentration was greater
than 50 ppm. This concentration represents the dynamic limit of the
chemiltmiinescent ana lyzer .  
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TABLE 6. SUMMARY OF HC1 DIFFUSION MEASUREMENTS ,
MARSHALL SFC , ALABAMA , 8 FEBRUARY 1975

Coulometer

Time HC1 dosage Concentration (ppm)
Response (mm ) (ng) Steady state Dose/Vo l

A 1.0 _a 0.06 -

B 2.4 8.2 0.~ 0 0.59
C 3.7 18.2 — 2.1
D 4.2 4.6 — 1.6

5.1 15.9 — 2.7

Chemiluminescent analyzers

Time Concentration
Response (mj~ ) (ppp~ —

F 0.6 5.0
C 1.2 3.0

~The area under the curve was too small for measurement.
The steady state was not achieved.

DISCUSSION AND CONCLUSIONS

The field test program to date has provided a clear indication of
instrumentation preference for specific applications , but only prel iminary
insight into the behavior of the exhaust cloud following rocket launch.
The detection concept and fast—response characteristics of the chemilu—
minescent analyzer make it clearly superior for the airborne—monitoring
applicat ion. The couloineter by contrast has proved itself as a versa-
tile laboratory tool and a useful field instrument for HC1 detection in
ground—monitoring applications. The fact that the cou].ometer is a
pr imary standard for total chloride analysis alleviates the time—consuming
and difficult task of field calibration . The principal disadvantages of
the coulouieter are its slow t ime of response and somewhat limited dynamic
range, which are of minor concern in the low—level relatively slow
exposure situation encountered in ground monitoring. In compari8on, the
chemiluminescent analyzer gives an instantaneous response to gaseous HC1
which is highly advantageous for airborne measurement . The chief disad-
vantage of the chemiluminescent approach iB that it is not a standard
for measurement of HC1 gas but must be calibrated with a known concen-
tration or referee method . This disadvantage is partially compensated
by the fact that the chemiluminescent response is linear with HC1 con-
centration which normally permits single—point calibration. Where
logistic s allow , the use of both instruments is advantageous since the
microcoulometer measures total chloride and the chemiluminescent analyzer
is specific for gaseous HC1.
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W ith respect to cloud behavior , the ~‘SAF data base is somewhat
meager and subject to contlicting interpretation . On the one hand,
iione of t he  a i rh o r n e  ar  downw i nd surface levels have exceeded the
short-term pub ll lim i t ot • ppm b r  10 minutes recommended by the
N a t i o n a l  Academy of S~~ien es. Overa l l , the measured MCi concentrations
have tended to bc l o w a - r  ‘ han ‘r ed  ic ted by d~~~t u s io n  m(s ’e li n g .  This

ind ing is  an e s sen t i a l  agreement  w i t h  he more extensive results f rom
the NA SA p r o g r a m  at C;v ’& s •,n avt- ra l (7). r r an s l a ti on  s~~~f Eastern Test
Range dat  to Vandenberg AFB , however , must ~‘e done with due consider-
rat ion of the climatic and topographic di~ fer & ’ica-s . On the othe r hand ,
ins tan taneous  concent  rat ions at or above 4 ~cer have seen mea-urt d as
tong as 50 to 60 minut s a’ te r ~aunch at  a It itudes above th~ invers ion
layer , 5—15 mIles (~ — 2~~ kr’’ rein the launch site. The emerging ni~~ ure
on exhaust  cloud behavior at Van de nb erg is one of g~-ner alized downwind
dritt with slow disintegr ation into segments , rath . r than bulk dlftusi on
of a single entity. The cloud segment s, although ind ividu aliy small ,
may contain relatively high concentrations of MCi In gaseous form.
However , these high measurements have been predominantly at altitudes
above the prevailing overcast and theret ore p r f-~~I1n1ah~~v above the in-
vers ion layer. The ~~it a ollectivel y neither support nor refute the
return of the “ground” clo ud to the surface, as predicted or assumed In
d iffusion modeling.

I n terms of da ta collect ion , there appears little doubt that air-
born e moni toring has been more cost effective than ground measurements
at Cape Canaveral. Althoug h the prevailing overcast at Vandenberg AFB
has, in part , comprom ised eac a r n !~~sion , the mobile sampling platform
nonetheless provides opportunity for multiple penetrations of the ex-
haust cloud and thus greatly increased chance for data collection . The
use of helicopter side inlets for airborne sampling is somewhat problem-
atic because of the adverse influence of rotor turbulence. Sampling of
the undisturbed cloud can be done more effectively with nose—mounted
inlet probes on either a helicopter or small fixed—wing aircraft. In a
join t sampling effort ul tLa the U.S. Environmental Protection Agency, we
observed excellent correlation between the microcoulometer and chemilu-.
minescent analyzers using nose sampling from a Beech C—45 aircraft to
monit or the exhaust plume from the incinerator ship Vulcanus (12). We
recommend that any future MCi sampling studies at Vandenberg AFB incor-
porate both the microcoulometer and chemilum inescent analyzers in an
a irborne platform with nose—sampling capability.
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