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SUMMARY

Test sites using liquid oxygen normally rely on visval observation to
determine when the pipe system is cooled to liquid oxygen teaperature,
Test sites for rocket engines of high thrust, however, having considerable
distances between control room and test bay, necussitabte the use of an
autometic "precool" indicabor, This note describes a method whirh
has proved to give reliable remobte indication when the fully cooled state

is reached,
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1 INTRODUCT ION

Before liquid oxygen can be allowed to flow through a pipeline the
pipe must be chilled to liquid oxygen tenperature to prevent boiling owing
to heat transfer from the relatively warm pipe. This process of chilling
(or Mprecooling®) the pipeline is effected by passing liguid oxygen through
The pipe system until there is no trace of evaporation, the oxygen thus
used for precooling being discharged froa the system through a suitably
positioned Tprecool® pipe,

During development work on a test site for high thrust engines the
necessity arose for a suitable method of detecting when the liquid oxygen
pipelines were fully precooled, This note descoribes a deteoting
system which has been found to provide a reliable indication of the fully
precooled state, and should therefore prove useful to other users of liquid
OXygen.

2 NATURE OF FLO: AND METHOD OF DETECTION

During the precooling operation the flow through the pipe changes from
gascous to liquid; thus on the admission of liguid oxygen the pipe will be
warm enough to cause boiling of the initial content; as the pipe temperature
falls the evaporation will diminish, and finally liquid oxygen only will be
discharged from the pipe. We require, therefore, a method or device which
will debect the change from the gaseous to the liquid state, The respective
characteristics of gaseous and liquid flow through a convergent divergent
nozzle afford a means of detection by measurement of the pressure change at
bthe throat. We therefore mount such a nozzle at the end of the precooling
drain pipe, as shown in Fig,l,

Initially, aftor pressurising the pipe to an axbent that ensurcs that
the pressure drop across the nozzle exceeds the critical value, the gas
velocity at the throat will be equal to the acoustic velocity, and the pre-
vailing static pressure at the throat, Py, 1s given by

2
Py = Pl\:{_-x-l

YAy -1

where Pl 1s the inlet pressure at the nozzle and ¥ is the ratio of specific
heat of~oxygen abt constant pressure to bhat at constant volume, (For the
renge of gas tauperature obtaining in the nozzle Y & lek,)

As the pipe temperature falls, the contents approach the liquid state,
with considerable reduction in specific volume, which is reflected in a
warked fall in throat pressure, When precooling is complete the flow becomes
completely liquid and our detector ceases to behave as a supersonic nozzlec,
but instead operates as a rounded orifice, the total pressure head at the
inlet beingconverted into velocity head at the throat, The static pressure
at the throat should be scnsibly atmospheric,

The criterion of debection, thercfore, is that Py prevailing at the
throat during gaseous flow rust be measurably grezter than atmospheric
pressure, and hence

P14 Pt/(v - 1>Y/Y N



To allow for flow losses in the pipe system the discharge tank must be
pressurised fo a higher figure,

3 TEST RESULTS AND DISCUSSION

There are two pipe systems for liquid oxygen ab FA test site at R.P.Eji
which must be precooled beforc an engine test can be started, There is a
considerable differcnce in the size of the pipelines of the two systeams so
that the times nccessary to precool them are quite different, For this
reason the smaller systen is precooled after the larger system has becn com-
pletely precooled, The two systems are discussed separately.

3,1 Main systbem

This system conveys the main flow of liquid oxygen from the site tank
to the engine on test and consists of 50 feet of aluminium alloy pipework of
7 inches bore and 0«6 inch wall thickness, Mounted in the pipeline is a
stainless stocl flowmeber having an approximate weight of 400 1lb, the total
weilght of metal in the systom, including the flowmeber, being approximately
1,450 1b. The linc includes 5 right angle bends of some 2 feet 6 inches
radius, and is fully lagged from tank to engine.

Before starting to precool, the stop valve at the tank is opened and
the tank pressurised to 4O to 50 1b/sq in. gauge to allow liquid oxygen
under pressure down to the engine valve,

A "main® valve and two smaller ¥pilot" valves, situated at the highest
point in the system, are provided for precooling, for reasons indicabted
below,

The main velve is 3% inches diameter, and is pneumatically operated,
Flow through the valve is ducted away from the bay by a 3% inch bore pipe,
at the end of which is mounted a nozzle with a throat diameter of 1 inches,
giving a gaseous flow rate of approximately 2+90 lb/sec for precooling., At
the base of this main valve are mounted the two small 1 inch diameter pilot
valves which are also pneumatically operated, These pilot valves are mounted
on the upstream side of the main valve; conscquently flow can take place
through them independently of the operation of the main valve, Flow through
these valves is ducted away from the bay through a 1F inch bore pipe on the
end of which is mounted a nozzle with a throat diameter of 7 inch giving a
gascous flow rate of 0.115 1lb/sec, The arrangement is shown in Fig.2.

The flow through the small valves constitutes the pilot f{low for the
system, the valves being opened at the start of the precooling operation
and remaining open until the system is fully precooled.

The main valve is opened intermittently throughout the operation, in
order to discharge the large volume of gas which accumulates at the highest
point in the system, This valve must be operated economically, to avoid
excessive loss of liquid oxygen, and is closed immediately gaseous flow
ceases,

Tt was found necessary to provide a small precool flow of 0,115 1b/scc
adjacent to the flowmeter., This was necessitated by the mounting of the
flowmeter between two adaptors with a tapered bore allowing a small volume
of gas to accumulate between the tapering scections,

The state of the flow through the precooling pipes i,e. whether gaseous
or liquid, may be observed by mcans of pressure gauges connected to the
pressure tapplngs at the throats of the nozzles, On p2 site Bourdon type
gauges are used and are observed by means of the periscopcs in the control

— ——r— —

*Rocket Propulsion Establishment, Westcctt.

—4.—



room, In addition a pressure switch, counected to the nozzle of the pilot
flow systen, makes electrical contact when the throat pressure falls tc a
pre~determined value on reaching the precooled state, The contacts operate
an indicator lamp in the control room.

A typical graph showing the variation of throat proessure with pre-
cooling time tor the nozzle of the pilot system is shown in Fig.3. Also
shown is the variation of tank pressure during the precooling operation, It
will be seen that at the start the nozzle throat pressure is erratic, This
is cuused by excessive variablon in system pressure (and hence nozzle inlet
pressure) during this period, owing to the expansion of gaseous oxygen
within the pipeline and the drop in pressure resulting when the main precool
valve is operated to relieve it. The control of tank pressure during the
initial period can sometimes prove difficult, bub pressurisation becomes
progressively more stable as the pipeline temperature falls, Experience has
shown that it is desirable to incrcase the pressure in the pipeline after
the initial period of bad regulation, resulting in a higher throat pressure
at the nozzlc during the gaseous vhasce, and a greater pressure drop between
the gaseous and the fully precocoled state, An incrcasc in pressure will
result in more heab being taken out of the pipeline per pound of liquid
oxygen used before it passes into the gaseous state, Also, as the oxygen
remaing liquid for a longer period, the heat transfer is improved, thus
shortening the time for precooling,

It will oc scen from Fig,3 that just before the sudden fall in throat
pressure, indicating the precooled condltlon, there is a marked increase in
pressure,  This dis coused by the veduction in specific volume of the pre-
cooling gas, which diminishes the drop of pressure along the precool pipe,
and so makes a higher pressure apparent abt the throat,

Tt has poon stated that the pressure at the throat should be sensiply
atmospherlc when liguid flow occurs, However, as liquid oxygen readily
cavitates in the nozzle ab pressurces approaching atmospheric, the minimum
pressure rinally attained abt the throat will be the saturation vapour
pressure corresponding to the liquid oxygen tempcrature,

Tt was found that owing to the high spocific volume of the gas during
the initial stages of procooling, the ratio of precool pipe area to nozzle
throat area should not be less than 20 : 1, in ordor to avoid cxcessive
pressare drop in the precool pipe,

The time rcquired to precool the system, as likewise the anount of
liquid oxygen used for the purposs, will obviously depend to sone extent on
ambient tomperaturc, As aany as four engine tests have been carried oub in
one day al P2 site, ncecessitating four separate precooling opurations, The
variation with precooling time of the amount of liquid oxygen required is
shown in Fig.4 for cach of these opcrations,

3.2 Start systen

This system conveys liquid oxygen from a specilal #start® tank to the
engine on test for starting purposes. It comnsists of 65 feet of aluminium
alloy pipework of 1Z-inches outside diemcter by 10 SWG (0128 inch) wall
thickness; the line contains two right angle bends and is fully lagged f{rom
tank to engine, The total weight of metal in the system amounts to
approximately L5 lo.

Precooling is effected through a 1 inch bore pneunatically operated
valve mounted on the pipeline approximately 2 feet from the engine, Flow
through the valve ls ducbed away thrrough 1 inch bore pipe, on the end of
which is mounted a nozzle of 0,1 inch bhroat diameter, gliving a gaseous rate
of flow of approximabely C«122 lo/sec,



Before starting to precool the line, the stop valve at the tank 1s opened
and the tank pressurised to 450 1b/sq in. gauge to allow liquid oxygen under
pressure down to the engine valve. The precool valve is then opened and
allowed to remain open until the system is fully precooled,

A graph showing the variation of nozzle throat pressure with precooling
time is shown in Fig.5. It will be noticed that the repid changes in throat
pressure during the initial precooling period, occurring with the previous
system, are absent, In fact, the tank pressure remains constant during the
precooling operation,

On reaching the precooled state, there is a marked fall in throat pres-
sure, which at approximately 90 lb/sq in, operates a pressure switch
connected to an indicating light in the control room., After operation of
the pressure switch precooling is continucd and the throat pressure continues
to fall so that by the time the engine is started the pressure is sensibly
atmospheric,

The amount of liquid oxygen necessary to precool this system is not
known accurately, but is estimated not to excced 5 gallons.,

3.3 Disposal of liguid and gaseous oxygen

It is important that all the liquid and gascous oxygen discharged during
precooling is carefully ducted away from structural steelwork, ctc., to avoid
setbing up internal stresses due to contraction, On P2 site the precool
flow is ducted into a vertical aluminium pipe of 18 inches diameter situated
outside the test bay, The top of the pipe is 6 feet above the bay and is
open to atmosphere, allowing gaseous oxygen to escape, Liquid oxygen is
ducted away from the bobttom of the pipe to a reservoir where it is allowed
to boil off frecly to atmosphere, As much as 120~150 gallons of liquid oxygen
has been collected during the longer precooling operations, most of this being
attributed to delay in closing the main precool valve on the main system,
Consideration is being given to returning this liquid oxygen into the storage
tank,

L METHODS OF TNDICAT ION

The method used in any particular installation to show a visible indi-
cation of the prccooled state will depend largely on the distance between
the control room and the btest bay. Visible indication may be effected by
one of the following methods: -

(a) Bourdon pressurc gauge, This method is suitable only if the
control room is situated close to the test bay.

(b) A pressurc transducer whose electrical output is fed to a pressure
gauge situated in the control room.

(¢c) A pressure switch connected to an indicator lamp in the control
room,

5 CONCLUSIONS

A simple and rcliable method has been cvolved for detecting and rcmotcly
indicating when a liquid oxygen pipeline has been cooled to liquid oxygen
temperaturc, The mcthod is based on detecting the change in pressure at the
throat of a simple venturi, which occurs when the oxygen {low changes from
the gaseous to the liquid phasc.



Although the method is sensitive to variations in system pressure during
the gaseous phase, it is insensitive during the liquid phase when the fully
cooled state is reached.

Each installation will pose its own problems depending on the size and
configuration of the pipelines, but the information given in this memorandum
on the precooling of two quite separate systems should prove a useful guide,

In addition to rocket engine test sites, this method of detcction may
prove useful on launching sites, where it is important for missiles taking
'start? liquid oxygen from the ground supplies to have the !'start! pipeline
free of gaseous oxygen.,



APPEND IX
CALCULATION OF NOZZLE THROAT UIAMETER

A graph which enables the nozzle throat diameter to be readily determined
is shown in Fig,6, This graph has been drawn by assuming that the minimum gas
temperature finally attained during the prccooling of a particular pipe system
will be that corresponding to the saturation point.

To determine the nozzle throat diameter, the system pressure must be
known and a rate of gas flow for precooling must bec selected in accordance with
the size of the system and the bore of the pipeline., The variation of W/At
plotted against the nozzle inlet pressurc Py in atmospheres is shown in Fig.b,
where W is the precooling gas flow rate in lb/scc and At is the nozzle throat
area in squarc inches. The nozzle inlet pressure P71 will be the system
pressure less the allowance for the pressure drop occurring in the precool
pipe., Having selected the gaseous flow rate, therefore, the graph of Fig.b
provides a rapid method of finding the throat arca and diameter of the nozzle,
A check should be made however that the ratio of precool pipe area to throat
area is not less than 20 : 1 (see secction 3,1).

The other dimensions of the nozzle arc arbitrary, but it is suggested
that the inlet radius to the throat be made equal to half the throat diameter,
and that the portion of the nozzle downstream of the proessure tapping be
tapered at a divergence of, say, 20° half angle.
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FI1G. 4

RECORD OF PRECOOLING OPERATIONS ON $-10-58
TIME AT TOTAL QUANTITY
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PRECOOL TEMP, °F PRESS,LB/SQIN g| yUSED, GALLON
| IO17HRS | 55 45-50 35|
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