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FOREWORD

GD/A was requeated by NASA-MSFC to review Centaur instrumentation
selected for hydrogen boil-eff and quality weasurements. This

: ) report inciudes a description and limitations of instrumentation,
3 metho’s of obhtaining results, and recommendations for improving
the measurement technigue. An investigation was also conducted

to determine if boil-off measurewents were possible with other

Ak i Sh » B

existing inastrumentn.tion,
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SUMMARY

As & regult of a meoting with NASA-MSFC (Centaur Heat Transfer

Review Meeting, January 4-5, 1962), it was requ-sted that 3 review

be conducted of the instrumentation for hydrogen boil-off and vent
fluid quality measurements for the Centaur vehicle, Accurate measure-
wents are important because boil-off and quality reflect the payload
losses as affected by he .t input and zerc-g separator cperation,

respectively.

Two types of quality are discussed herein: fluid quality and thermo-
dynamic quality. Fluid quality provides a measure of the separator
effectiveness for venting vapor. Thermodynamic quality is a measure
of the combined separator-heat exchanger effectivenesg. This value

determines the quantity of hydrogen which must be vented overboard.

The present instrumentation consists of a wuss flow meter, liquid
detector, and temperature and pressure devices located within the
vent systeu. Prom this instrumentation, the required inform.tion
will be obtained if the following conditions exist:
1. The separator must vent mostly vapor as ground tests
indicate.
2, The heat exchanger, inatalled as part of the vent sysatem,

n

must be capsable of evaporating up to 30 1b/hr of licuid,
ra computed, 77% /00% FA Pog.
Flunid quality measurements hetween 0.77 and 1.00 will be attained
within 2%-3%, depending upon the ac~uracy of ideal gas flow rates.
Thermodynamic quality will be measured within 0.21%, and vapor flow
rates ranging from 100 1h/hr to 130 1b/hr will be me.sured within

24 accuracy.

/
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The above conditions appear to impose neo practical restrictions

upon the intended measurem'nts. Ground tests indicute the separator
under normal conditions will vent almost 100% vapor; under abnormal
conditions, when it no longer functions, almost pure liquid is
venied. If large quantities of liquid are vented, accurate wmeansure-~
rents will not be possible but it is obvious that separator mod-
ifications would be necessary. Additional information would not

be needed. Also, the high vent rate represents an extreme flow

measurcnent condition which is unreasonable to attempt.

An investig:tion was also conducted to determine if boil-off measure-
ments were possible with other existing instrumentation. Usable
measurements of gecrnd coust veriod boil-off can be obtained from
tre/liagid;aas sensorsy In fact, the sensors will yield the data,
from\lrfghté'fif@nd F2, of total hydrogen mass vented during the
coast periods. ‘

Her -migE "\(ugj, TRES 4/(7,4;7'5)
As a result of investizating the vent system instrumentation, it
was concluded that the existing instrumentation would he adequate
for the existing zero-g vent syastem. It is anticipated, however,
that future vent systems incorporated in the Centaur vehicle will
not include a heat exchanger. Therefore the need for a mugs flow !
meter does exist. Effarta are being made by GD/A to initiate a jr
propos.! recommending additional testing of the uwass flow meter to
establish it's copubility for two phase flow me.suraments. In
addition, it is mugg~sted thet tests he conducted to accurately
mepwure the idea)l gua flow rute through the ~eparater in order that
separater fluid quality of the early Centaur flights may be nmore

accurately determined.

iv
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DISCUSSION

IR\\REQUIRED HEASUREUENTS

It is imporiant to dotermine the total quantity of hydrogen
wvhich will he vented from the fue) tank during the parking
orbit and transfer ellipse of & Centaur mission. The vented
fluid represents payload loss and, therefore, reduction of

performance. -
N

In general the gquantity of fluid vented will be due to:
1, Boill-off resulting from heat transfer to the tank during
the coast periods.
2. The effectivencss (or ineffectiveness) of the zero-g
separator in separating gas from liquid.
Both Loil-off and quality weasurements are required. The former
represants an expected loss, but one which wmust be accurately
determined for future evalu.tion of vehicle performance. The
latter may represent an unnecessary loss, due to liquid being
vented, which must be Lnown in order to improve the effectiveness

of the zero-g vent device.

Two_types of quelity measureuwents are ianvolved. First, fiﬂiﬂ
‘Sgnliix of hydrogen entering the separater, which is a measure
of separator effectiveness for venting vapor. Second, a therwmo-
dynamic quality, which meanurcs the effectiveness of the zero-g
v:;{ device. The vent device consists of the separ.tor in
series with a heat exchan;er. T[hermodynamic quality determines
the quantity of hydrogen which must he vented overboard during
any given venting cycle. Fluid quality ig determined from vent

flow rate measurements. Thermodynamic quality is determined

from vent fluid enthalpy measuremonts,
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INSTRUM :NTATION o

The instrumentuti for obtaining the required ueasurements

are a liquid detéctor, mass flow woter, and vurious preszure

and tewper.ture devices. The detectsr and flow moter are ip-

stalled in the overhoard vent line downstream of the heat

exchansiers. A pressure transducer is located in the fuel tank

and one at the exchanger outlets. A temperatare probe at the

heat exchanger inlet and a differential temper.ture transducer

across the exchanger complete the instrumentation.

In addition to the above, specific knowledge of the separator
and heat exchanger performance ie necessary to obtain wore

complete inforuation from the instruwmentation.

The liquid detector is an optical device which will determine

the prescnce of liguid droplets in a gus stream. It consista

of & light source to illuminate the droplets and a photeo seunsor
to detect reflections frowm the droplets. although uwcasurement
accuracy of the device is not known it is estimated that one
I1b/hr flow of liquid can be detected. Sinilar systems have

been used which can sense the presence of minute liquid droplets.

The detector cannot determine fluid quality.

The mass flow meter selected hus the potentiul of measuring
mugs flow rates of two phase or single phase fluids. It

incorporates a rotor having two sets of turbine blades with

(49

-
o
(1]

rent blade angles, coupied by a spring and capable of

a]

elntive angulur motion with re«nect to each other. heasure-
ments can be ohtained which are proportional to flow momentum
and average fluid velocity. IFrom these a direct weasure of

masg flow 18 eflfected.
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U\j\/
To date the/liow meter has been calibrated with a single phase

fluid only. It is capable of measuring BO to 200 1b/hr of

gaseous hydrogen within 2% accuracy.

The pressure and temperature measuremcnts will be used to
determine enthalpy from which thermodynamic quality will be
obtainod. Frof:.tank pressure will he determined heat of evap-
orution aud eanthalpy of saturated liquid which correspond teo
that pressure. The pressure and tampersture me .surements of
the vent fluid will yield it's enthalpy. The measurement

accuracies are:

tank pressure + 0.18 psia
heat exchanger ocutlet pressure + 0.08 psia
heat exchanger inlet temger.ture + 0.58°R
heat exchanger di1fferential temperature + 0.24°R

’
The separatcr has been designed to vent about 100 lb/hr of Gﬂ2
from the Centaur under the expected tank pressure and temperature,
These flow rates have been subsiantiated with ground tests.

The design flow rate can be considered as the ideal flow through
the separator bhecause if a greater mass flow occurs, liquid

is being vented. Less than the ideal flow rate cannot exist

for a given set of tauk conditions. Using the concept of ideal
uasy flow, fluid quality measurements of hydrogen cntering the

separator are possible,

The heat exchangers, which are downstream of the separator,
increuse ithe abiilily of oblajiuniog adequate boil-ofif and fluid
quality data w.th the present instrument.tion. They bave a

computed capacity for evaporating aboutr 30 1b/hr. of liquid
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which wmay enter the separator. Since the waximum expected
flow rate into the separator is 100 1b/hr of Gﬂa, the maximum
flow rate which can be accurately measured is 130 1b/hr. A
greater flow rete would result in two-phase fiow through the
flow meter. Liquid would be detected and the flow moter would
indicate more than 130 1b/hr. Because the flow meter is rot
as yet calibrated for a fluid wixture, there would be no means

available for interpreting the t{ow measurement.

The heat exchangers also make it possible to measure thermo-
dynamic quality of the fluid exiting the hydrogen tank because
these measurements are possible only if 100¥% vapor exits the

exchangers,
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II1I. QUALITY MBASUREMENTS
Fluid quality measurements within the ran, e of interest can

be determined with the exiating instrumentation because:

LS~ ettt teandd

A. The instrumentation is capable of measuring qualities
between 0.77 and 1.0

B. Ground tests have indicated the separator will aither
aperate with no noticable amount of liquid vented

nr with a considerable amodht of liquid vented,

o

Quality of fluid entering the separator can be expressed us

X = ng/wT (See Appendix)

where x = fluid quality

3 ¥g, = ideal gas flow rate of 100 1h/hr

WT = total fluid Zlow rate

The limits of accurate fluid quality weasurements are for

] Wy = 100 1b/hr (x=1.0) and Wy = 130 1b/hr (x=0.77). Within

3 these limits fluid quality with an accuracy of 2% will be

measured (assuming Wy, is known exactly). Should fluid with

i
a quality of 0.77 be vented during the-maximum heating
trajectory mission, the additional payload loss would be
approximately 27 pounds wmore than venting with a fluid quality
of 1.0. Because this payload loss cannot be tolerated the
existing quality range ia suffircient for evaluating the zero-g

separator,

The payload losa attributed to vent fluid quality of 0.77

e snoavrant anle 1€ mannnvatbtnr alfantivannmas Anas dawand
A% COTTCCL CULY 11 STPLIRIOr CLILECTLATINLSS CLSLILTYTG,

[ ]
[¢]

The existance of heat exchangers reduces the net loss hecause
of the exchangers ability to tranafer energy from tank fluid

) te Yent fluid,
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Thermodynamic quality of fluid exiting the tank is defined &s,

Xe Hx-Hsl (see Appendix)

H
ev
where
X = thermodynamic quality

“x = enthalpy of exiting vent fluid R/1b
"sl = enthalpy of saturated liquid at tank pressure B/1b

Hev =n heat of evaporation at tank pressure B/lb

Hx will be uweasured at the heat exchanger outlet which thermo-

dynamically is the tank exit since energy exchange between

vent and tank fluid cease at the exchanger. Ex will be de-~
termined from pressure, temperature, and differential temper-
ature measurements at the exchanger. Hev and Hsl will be
determined from tank pressure measurements (.ssvming the liquid
is saturated at tank pressure). The accuracy of the quality

measurcment will be within + 0.21%,

The same limitations exist for measuring therwmedynamic quality
ag with fluid quality; vent flow rates cannot exceed 170 1b/hr.
The exit enthalpy will be determined from pressure cnd temper-
ature measurements. However, to measure enthalpy, 100% vapor
must exist at the exit becuuse enthalpy measurementa for a
mixture cannot be found from rressuras and temperatures alone.
Therefore, quality measurements will be obtained up to vent

rates of 130 1b/hr.
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VENT FLUID FLOW RATES

The flow weter will adequately and accurately measure the total
nans flow of fluid vented during the coast periods if the
s2par.tor performs within the fluid quality range of 0.77 to
1.0, If the sepgrator does not perform near the 100% quality
condition, ground'tests indicate mostly liquid will be vented.
It is unlikely that a mass flow moter will bhe developed, in ;
the immediate future which is capable of measuring flow rates
ovar such a wide quality range. In addition, flow measurenents
in the low fluid quality range are unnecessary because this
represents an extreme condition which cannot be tolerated and
modifications of future separators would be wade to prevent

recurrance.
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OTHER METHODS OF MEASURING BCIL-OFF

An investigation was made to determine if existing instrumen-
tation could be used for measuring the total quantity of hydrogen
vented during coast periods. The two instruments capable of

this measurement are the lew-g accelerometer and the liquid-gas
sensors. “@55 accelerometer is able to measure the difference /;
between vehicle weights at the beginning und*folloning a coastl{
period within an accuracy of 500-500 lbs.; The accuracy is un- '
suitnble for Centaur application. The sensors must detect the
liquid level hefore and after a coast period. A calculation
indizated that the hydrogen me .surement error would be + 34.6 lbs
and + 30 1b. for the first and second coast periods respectively,
assuming a liquid level sensing uaccuracy of + 1/2 inch., A
hydrogen error of 15 1b. is included because of the uncertainty
of the hydrogen mags required for pump chilldown. A maximum

of 256 1b. and 127 1ib, of hydrogzen are expected to be vented
overboard during the first and second coast periods of a typical
Centaur vehicle., Hence, only for second coast period boil-of?

can the sensors furnish usable dsta.
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VI. EXPECTED F-1 & F-2 PLIGHT TEST RESULTS
Telemetered dunta from F-1 and F-2 flights will yield sufficient
informition to determine fluid guality entering the zero-g
geparator within the limite previously discussed. The totul
mass of hydrogen vented will not be known, however, because
large quantities will be vented through a tube by-passing the
flow measurements. FEven if all hydrogen was v:nted through a
conmon line, flow meusurements still could not be obtained

é because a flow meter is not uvailable to measure the high flow

rates expected. For these flights, however, the liquid seunsors

will yield the total overboard hy Iro-en flow within the error

3 limita previously discussed.

haCANEY
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CONCLUSIONS

The exiating instrumentation appears to be adequate for
evaluating hydrogen boil-off, the effectiveness of the sep-
arator and meparator-heat exchanger combination to vent vapor .
only, ‘gupport testing is needed, however, to improve fluid
quaf?%} messurewment accuracy and to determine the capabilities

,/’
of the mass flow meter,.

Fluid quality tmeasrurements are dependent upon the ideal gas
flow rate through the meparator. Presently this value is
known only approximately. Tests should he conducted to accu-

rately determine the ideal flow rate for all separators.

Prescotly mass flow measurements ure dependent upon 100%

vapor flow through the separ.ter or a 30 1b/hr computed evap-

—~—

oration rate of liquid. The wass flow meter should rewain

free of Jimitations upon its perforuance and hence should be
cap:ble of measuring the mass flow of a hydrugen mixturet:’
This will be especially true if future vent systewms are not
equipped with heav exchangers to evaporate liquid vented over-
board. It is imperative that capabilities exist for measuring
mass flow rates of liquid~-gas mixtures io order to adequately
evaluate future zero-g vent systems. Therefore, efforts are .
being made by GP/A to initinte a p}oposnl recommendinyg add- !
1tional flow meter tests to establish it's capabilities for

two phase flow measurewments.

10
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&M
7
Flights F-1 wnd F-2 should yield sufficient information to
evaluate seerator performance. But total vent flow will not
be obtained from vent system instrumentuation, because fluid
vented through the boil-off valve will b -pass the instrumen-
tation. For these flights, however, the liquid sensors will

yield the total overboard hydrogen flow,

11
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APPENDIX

QUALITY MEASUREMENTS OF VENTEP Y DROGEN

Flujid Quality

Fluid quality in a flow stream is defined as

ee vy E Gy = W

wr

where X = fluid quality
@g = gas mass flow rate
Wy = liquid mass flow rate
Wr = {otal mass flow rate

A slight modification of equation (1) can be used to determine the

quality of hydrogen entering the zero-g separator.

It has been determined that an ideal gas flow rate of 100 1b/hr will
exist through the separator with LH2 tank conditions of 21 psia and
38.8°R. A greater mass flow rate is an indication that liquid droplets
exist in the gas stream. Assuming the volumetiric flow of fluid

vented {s constant for small quantities of liquid in the gas stream,

we have:

Uyt = Wy (2)

ivhere ‘%L = ideal GH, volmmetric flow rate 926 fts/hr

V} - GH2 volumetric flow rate fts/hr

Vi = LK2 volumetric flow rate fts/hr

12
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The heat exehangers, downstream of the separator, are capable of
exaporating 30 1b/hr of LH2. This is the maximum liquid flow rate
which can a¢curately be measured by the flow meter and, therefore,
the lowest quality whioch can be measured. The ligquid flow rate is
equivalent to a volume flow of 6.8 fts/hr.

Solving for Vs from equation (2),
V4

_IVL - | - _Y&_ = il - .0073 = /1O
R

-'V—g. - w’/f} - _\::/_2 e /1.0
Yai 7 Y

Therefore ﬁﬁ) . n@& (3)

Subatituting equation (3) inte (1),

L

: gl ' (4)

Since M@i is known,only W, is required to determine quality.

The accuracy of the quality measurement can he found by operating on

equation (4)

ro.
SRR GG ®

(iiﬁ = .02 {given from flow meter accuracy)

« unknown

it dWi =0 dz = .02 = 2% uncertainty.
x

13
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If de; = .02 (assumning same flow meter accuracy as for flight)

dx « ,028 = 2.8% uncertainty.
x

Thermodynamic Quality

Thermodynamic quality of a fluid mixture is defined as

X = Hx- Hse - Ay - Hse
Hse - Hsz 7 (e)

where X « thermodynamic quality
H. = enthalpy of fluid mixturs B/lb
Hsg = enthalpy of saturated liguid @ reference pressure B/1b
Hsv w enthalpy of saturated vapor @ reference pressure B/1b

Hev = heat ¢f evaporation @ reference pressure B/1b.

Phis definition can be applied to a superheated fluid as well as by
re-defining Hx., Thus,

Hx = enthalpy of fluid (super heated or mixture) B/lb

Because the mensurement will reflect the thermodynsmic quality of fluid
exiting the Centaur fuel tank, both /s and /., are values which will be
referenced to fuel tank pressure, and, /, is the enthalpy of the fluid
exiting the fuel tank. Operating on equation (6) to determine

measurement accuracy we have,

2 o\ 2]
T e T

Both Hev and Hsg remain essentially constant in the region of interest.

- e te e

Conssquently, as an approximation, diey= O and oHsy = 0.
Therefore

dX = _Jdir
? ""//st (8)

14
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Before equation (8) can be evaluated, the role of the heat exchanger

and related instrumentation should be discussed. A schematio of the

exchanger and vent fluid state properties are given below.

TemPERATURE

P= canst. —\

~—Pp'z Cun sl
Hst / Ptank Hev
Hew \
. \_. (N" Tv)
H3e Peat ‘
-~ Hlev }'s:v ‘\HSV
E nTROPY
TSy T, P
Heal Ex¢h3-15 er p—————
AT
16
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The vent fluid mixture which exits the separator will enter the
exchang 'r at temperature Tsv . Heat transfer from the tank fluid,
while floving through the heat exchanger, will evaporate the venting
liquid and perhaps increase vent {luid temperature; under the expecsted
vent conditions all liquid should evaporate before leaving the
exchanger. A differential temperature transducer will measure
jemperature rise across the exchanger aad a liquid detector will
detect the presence of droplets in the veat gas siream, In order for
enthalpy measurements to be valid, 100% vapor must exit the exchanger.
Therefore the deteclor must "read" vapsr. When AT (the differential
temperature rise) is zero, a saturated vapor at enthalpy sy exits
the exchanger; Hsy 4, will be deterwmined from & absolute pressure
neasurement. Should AT be greater than z ro the vapor will be super
heated at temperature Tr and the enthalpy Ur will be found from the

pressure and differential temperature measurements.

To determine quality meesurement error, the following was performed:

Hx- Hsg = ( AHx + H'sy - HsL) + ( Hog - Ul;;f/)

= (s )+ [ a4 (Hse- hse)]

Hee 4 i OMx 4 (L\'sx,-u;,z)]

(9)

wvhere .,

heat of evaporation of exit pressure B/lb

WS, = saturated vapor enthalpy at exit pressure B/lb
H's¢= saturated liquid at exit pressure B/lb

All,= exit fluid differential super heat enthalpy B/1b.

The terms within the bracket are small and may become negligible by

virtue of having opnosite signs. Thus

(”x-Hsﬂ,) = Hl@" (10)
16
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¢
?

Mo, atv s dfaue s Wn] t d] o (T - T) + Wy

df coar 4w'sy]

Co d(a7) 4 & (Hsv)

The ezror in cotermining H'sv will be quite small because very accurate

pressure measurements will be obtained. Therefore, ¢(H5v) = O and,

¢

dix = Cp d(aT) (11)
Inserting equations (10) and (11) into (8)

d = Cp d(BT) = ,vo021 = .21/ (12)
ul

X v
when exit pressure is 2.0 }li& and the differential temperature

ascuracy is + 0.16°R.

The quality measurement error may be as great as 0.3% if the other

seall measurement errors are included.

17
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