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Rooket engine development by its nature is very expensive. At the present
time no single program exists for which expenses and necessary time to
sompletion can be predicted relisbly. Meny phenomena, even experiensed in
compouents which have been ussd for msny years, are not fully understond.
This is true in apite of the fact that already over one-thousand houre
space flight have been made sucoessfully. Experience shows that it is
izpossible to predioct all problem areas at the start of a program end that
each program reveals new problems, malnly due t0 new requirements., Within
the frame of this paper a critical discussion of some deaign comsepts, as
applied to oryogenic pump design, will be presented. These selected problema
will, however, be restricted to those which are caused by the uss of eryogsaic
fluide thms affecting the design of a turbopump, It will be shown that in
oxrder to arrive at a reliable turbopump configuration, several umconventicmal
eteps have 50 be taken which are mot reguired for conveantional pump deaign.
These discuseions will also show which arsas are not yet fully understoed
and which special research work should be conducted in order tc enhance
reliability.

TURBOPUMP REQUIREMENTS

The turbopump is often referred to ss the heart of the rocket engime and

it is in faot one of the mogt importent amd difficult components of a

liquid rocket engine. Its function is to deliver the propelimmtes from the
tauks to the thrust chamber at a given flow rate and pressure without major
veriations since for a successful misaion thrust variations from enmgine to
engine must be kept within 0.5 percent. Besides thess requirsmenta, the
turbopunpy must be capeble of starting to full power within & few seconds,
must be cepable of restarting in orbit, muet be opersational with low and high
tank pressures without chenging the pump head rise. Bach of these requirements
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is of equal importance for the suocess of a space mission., Taking into
account that these turbopumps nave to operate at shaft apdodn considerably
in excese of those known for commercial applications becesuse they have to
supply high pressures with a minimum of weight and envelope, snd that it is
desirable to minimize auxiliary mesns (such as tank pressurization systems,
bearing lube systems, etco), it becomes clear that pumping eryogenie fluids
is a difficult and completely mew tesk.

It is the purpose of the following dimcussions to shed soms light on these
problems,

HYDRODYNAXIC CON:IDESRATIONS

the hydrodynamic design of the fluid passsges of pumps has been under study
for many ysars. A large amount of experience was accumulated and used to
rofine the snalytical methodas, Thsre are, however, major mas which dig-
tinguish cryogenic pumps for rocket engines from sny commercial pump. The
casiest way to illustraie these probless is by asking which operating condi~
vions are lmposed on the turbopump of o rocket engine during start, steady
state, st off snd restart in orbit. The requirement %o start the engine
within two to four seconds entails the control problem of achleving s gradusl
thrust buildup, Cradual thrust buildup minimizes structural problems within
the vehicle and eases the pump cavitation pmblin. Other mechamical problens
during the transient end steady state period ere bearing sxial loads, pressure
end temperature environment for the rotating seals, rotordynamics and temper—
ature gradients in the housing with their inherent effect on atress and
vibrations,

during main stsge operation a smwooth and stably operating pump is desired.

Flow oscillations at pump inlet and discharge are of major concern - especially
for pumps genernting high discharge pressure, combined with minimum tank
precsurrs that is low "PSH, Iump oscillation at the inlet are of major concern
for the “Pogo" problem; meonwhile, pump diacharye pressure oscillations are

2 problem with respect to the structural integrity, vibration level and
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eventually even combustion instability, which may Be triggered by the flow
oscillztions transmitted through the feed system to the thrust chamber.

The third area which may influence cryogenic pump design is the requirement
to restart the engine in orbit. This, sccording to the planned mission, may
be recuired at any time; a few seconds, or up to many houre after the vshicle
hes been placed into orbito The problem arising from this condition is caused
by the femperature distribution throughout the turbopump. Reliable restart
requires a properly temperature-conditioned pump and system; however, shortly
after the engine has been stutdown ond the vehicle placed into orbit, the
heat stored in the turbine will soak back into the pmmp. The liquid in the
pump will vaporize snd even the li-uid in the inlet duct will alowly be
converted to vapor. After many hoars of coasting in orbit, the turbopump
will have some averarse temperature around which the =2c¢tual temperature
oscillates, beins higher while passing through the sun, being lower while
possing through the shadow of the earth. Calculations, which are naturelly
highly dependent upon the assumptions made, show that conditions similar

to that illuatrated in Figure 1 can be expected, I rom this we con conclude
that after a certnin time ic orbit, no linuid hydrogen or oxygen will be in
the pumps or inlet pipes. Restarting under these conditions, thersfore,
re~uires special procedures with special controls. The problem can be

eased asomewhat by selecting the right meteriels, using internal and external
ingulation and uncomventional stext ssquences,

As can beg seen from this brief discussiom, restarting a pump fed eagine is
a very complex and difficult probleme -dthin the freme of this paper, lowever,
only those restart -roblems will be discussed which influence the turbopump

design.

1ler =

Figure 2 shows two posoible impeller designs, both of which meet the perfor-
mance recuired by the engine, such as flowrate and pump head rise. In Flgure 2a,
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an open~feced impeller is showny meanwhile, in Figure 2b a shrouded impeller
is used. For the design of Mlure 2a, a flow coefficient at pump inlet

(f =@ ) of 0,3 was selected; meanvhile, in Figure 2b, § = Ocl was chosen.
Conssquently, the essentiasl features which distinguish the two designe

are the pump inlet flow coefficient and the shrouded or unshrouded impellex.
The superior design for rocket engine application is the one shown in Figure 2b.
The reason bec-mes clear if we analyze the conditione under which the pump
has to operate. Pumping cxyogemic fluids to high pressures makes the contw¥ol
of the clearsnce between impeller snd housing very difficult, sinee housing
deflections ocour as a function of internsl pressures, the temperature effect
being superimposed. A controlled clesrance, however, is desirable from the
efficiency and performance repeatability point of view from pump to pump.

4 shroud avoids these difficulties since no closely controlled impellsr
positioning to hold the clearance ia required. ilousing deflectioms and
deformations due to pressure and temperature become less laportsnt and have
only %o be considered from the stresa point of view. An additional advantage
of the shrouded impeller is the reduction of the axisl thrust, a feature
especiolly ioportant for bearings operating in LOX or in LHp. Such bearings
camnot withstend high axial loads ond high speeds at the seme time, From the
relisbility point of view a shrouded impeller Yas the adventege that impeller
rubbing against the housing is avoided completely, which is a necessary
design requirement when LOX is being pumpeds

The second feature of importanse is the selection of a low pump inlet flow
coefficient (Reference 1 and 2)o In order to understand the effect of the
flow coefficient on suetion performance we have to go back to the basic
theory which relates suction performance %o the flow coefficient

5 naz 8150 (1-2 ﬁopta\ A
F;; T Bop 3 3
Wheres Smﬂwmﬁﬁmtionapeciﬂoapud

§ the ratio of inducer hub to tip diameter and § the flow coefficient is.
Figure 3 shows this relationship graphically.
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Up to a certain flow coefficient the experimental results agree very well with
the theorstical prediction. However, the theory does notmegree with the experi-
mentnl results when the flow coefficient becomes too small. The reason is the
blockage effect due to physical blade thickness which, when the blade sngle
becomes too flat, restricts the flow passage area too much. Under these
circumstances the obtainable suction performance will even deteriorate, Some
systematic tests investigoting the effect of blade geometry on suction perfor-
mance have verified these theoretiical predictions., Figure 4 shows as an
example the re:ults of such a test series, The obtailnable cavitation number,

Pg -

W

mmme

2g

velocilys is shown as a function of the incidence angle which is the difference
between flow angle and blade angle. The flow coefficient and the blade sngle

are chown as parsmeter., As cen be seen, a grid of straight lines is :enerated
by the investigated inducer family which describes completely the parformance

of the inducer type studied and which allows to aslect the flow coefficient

and inlet blade amgle for a given requirement. It must, however, be emphasized
that the plot obtained from this test serles is only good for the i:ducer

fanily investigated. A different design for ins.snce with a different number

of blades will shift the grid to the right if more blades or to the left if

less blades are used. This shift is again mainly caused by the blockage generated
by the physical dimensions of the blades. The fact, however, remains that the
portion of the graph in which the lines of constant flow coefficient and constant
blade angle are straight, indicate the range in which suction performance is

not affected b  the physical blockage of the bladess If the blockage effect
impairs suction peformence, the straight lines representing constant flow
coefficient and constant blade angle become curved shifting the flow coefficienta
to higher cavitation numbers (see Figure 4). From the graph it ean be seen that
the selected incidence engle, that is the angle which is formed by the blade
angleé snd the theoretical flow direction at the inlet, haz the largest influence
on obtainable suction verformance. For all practical purposes, a flow coeffi-
cient of # = 0.1 will result in o good suction verformsnce. The incidence

angle shouid be selected to about O.4 times the blade angle, the blade angle
being measured normal tc the axis of rotation. These findings are in sgreement
with the basic theory (Reference 2) which slso predicts a ratioc of approximately Ood.

k m where pg = stztic pressure, py = vapor pressure, w = relative
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Returning to Figure 2 it is now evident why, for rocket engine spplication,the
dealgn shown in Figure zb should be selected,

THE UNSTEADY FORCES

Two types of unsteedy forces are of concern: The low frecuency pump inlet

flow oscillations and the high frequency pump discherge flow oscillation. Low
frequency inlet {low oscillations of varying strength are always generated when
higher suction performance inducers are used. These oscillations are a function
of inducer geometry, inlet flow conditions, such as pressure and temperature,
and the properties of the liquid to be pumped. They can, thevefore, become
significant at any point during the flight, whenever resonance comditions are
Just right to amplify this effect. If the frequency of the flow oscillations
for instance tunes with the natural frequency of the structurs, such an ampli-
Tication can be dangerous for a manned flight. This problem was not rscognised
until actual flights were undertaken, in the course of which difficulties
avpeared, jeopardizing the purpose of the flight. As a conaeouence, considerable
research efforts were initiated in both srems: 1) To understand the phenomenon
and, 2) to find meens to reduce the inducer generated oscillations. Im spite
of these efforts, no complete understanding of this problem exists as yeto
Neither the ceuse of these low frequency unsteady forces generated in a cavi-
tating inducer, nor their effect on the vehicle itself are fully explained.
However, from observations mede during water tunnel tests it can be said that
the inhermntly u2at:nfy phenomenon of cavitation is the basic reason for these
unsteedy forces., Considersble effort was expended to find an inducer design
which minimizes these oscillations, No reliable cure was found and this field
is still wide open for research work. Basically, these inveatigations showed that
any attempt to avoid the low frequency flow oscillstions resulted in a reduction
of obtainable suction performance. The basic behavior of a conventional inducer
is illustrated in Figure 5 through 7, which show the test results obtained from
two inducers 4 and B, In the design of inducer A a higher incidence angle wae
used than in the one of the inducer B. As can be seen from theae test results,
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an oscillstion reduction is experienced with lower incidence angles and with
flow cosfficients higher than design flow coefficient. Figure 5 and 6 depictas
two flow coefficients for comparison of the two inducer desigms,

At the present time the following conmclusions can be drawns

1. Solidity, that is the ratio of cord length over blade spacing, is important.
A low solidity, for instsnce © =1, will produce violent flow oscillations
because the cavity may not collapse inaide the blade passege under all opersting
conditions, Increasing the solidity & %o 1.5 to 2 will reduce the violence

of the disturbance comnsidersbly - the flow will become more steble. The oecill-
atiens, however, are still there.

2o The amplitudes of the flow cecillations increase approximately linear with
incrensing inducer tip speed,

3o Flow coefficients lower than design ftend %o increase the cseillation ampli-
tude because the incidence angle ie increasing (Fi.gure 7)o

4, TFrom induce: to inducer no repeatabls trend could be detected with chamging
NPSI,

in additional difficulty to understand, explain and predict is the phenomenon
that arises from the fact that conclusions based on expe:rimental programs using
water as the test fluid will alter when cryogenic fluids are being pumped. It is
well known that suction performance of & given inducer changes considerably with
fluid properties (Reference Figures 3 and 4) because the shape and size of the
cavity is a function of these properties. Since low frequency oscillations are
also a function of the cavity size, it is clear that changing properties will
influence the low frequency oscillations, This is also an area in which more

research is needed,

The second type of unsteady forces experienced in high preasure pumps ere the
pump discharge oscillations. Since preasure requirements for rocket engine
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turbomachi:ery ars consiantly increesing, the unsteady forces are gaining more
and more importsnce. With the increasing flow velocities, it must be expected that
the mechanicel stresmses resulting from the wnsteady forces must be teken into
asccount. All flow or density variations will cause unntoadfr flow phenomens,

The effect of these variations can easily be visuslized when viewed from a
stutionary system. The eircumferential veriations, normally described as cir-
eulation, are inherently connected with the transmission of circumferential
forees by the rotating impeller. Downetream of sny rotating vene sn uns teady
traveling weke interascts with the stationary vane system as illustrated ia
Pigure 8. It can easily VYe geen that the effect of these wakes on the stationsry
object will ineresse the closer the stationary vane aystem is to the rotating
systen and the higher the workload or blade loading of the individual blade will
be. It is also cleer that the penersted frequency is a function of the mumber
of rotating vanes. Hﬁ. therefore, have a possibility to avoid resonance between
the forcing function and the nstursl fresuency of the pump discharge pipe system
by selecting the appropriaete mumber of blades.

Another phenomenon to be considered is the wa}; reinforcement, As mentioned
ebove, the discharge oscillations are a function of the strength of the traveling
wake passiug by a stetionsry vane system. This vane system can be a vened diffuser
or two tongues of a double it volute (Figure 9)c In determining the number of
blades, it is important %o avoid wave reinfordement by allowing the two waves
generated at the two tongues and traveling with acoustic velocities to meet each
other in phase et some place downatream in the discharge pipe. This phenomencn

is illustrated in Figure 9. The wake of vane 1 interacts witl. the tongue at

point A and a wave travels with acoustic velocity in the time t3 to point C,

In the meantime, the wake from vane 2 interacts after the time t; with the tongue
at point B and reaches C after a time %z, If %) + ty = ts, wave reinforcement
occurs. It can sasily be seen that such a phenomenon can be corrected by changing
the number of blades or position of the tongues.

For the design of the pump, it is also important to krow how strong these oscill-
ations are transmitted throughout the pump. For relisbility reasons it is, for
instonce, essentlial to have the rotating shaft seal in an environment which
treats the seal as gently ss possible. MNeasurements made on a pump, as showmn

in Figure 10y revealed that the predominsnt frequency ean be found throughout
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the pump. However, the amplitude is a function of the local static pressure and
the operating conditions, In other words, the amplitudes decrease end increase
with the static pressure using the amplitude measured in the volute as reference.
Pigure 11 and 12 illustrate as an example the amplitudes found during these tests
at the locations a snd b, It is interesting to note that the amplitudes found
for the design point (Figure 11) are considersbly smaller then the ones for the
off-design considerations (Figure 12), which underlinee the importance of a
correct pump impeller design. It follows, furthermore, that in designing e

pump, sn arrangement has to be selected which guaraentees a low static pressure

in the sesl environment and in all locatione in which parts susceptible to fatigue
sre installed. The lower limit of this static pressure is set by the wvapor
pressure since it is not desirable to genersgte cavitating conditions in these
aress, Suwmnarizing it can be said that in order to reduge the amplitudes of

the inherently present pump discharge oscillations the hydrodynsmic deasign

of the impeller should be based on the following recommendations:

1, Use only moderate blade loadings, avold eddies in the blade passages
20 Avoid resonance phenomena in the discharge pipe system
3. Avoid wave reinforcement

4. Reduce thse static pressure in areas sensitive to flow ascillations.

FECHANICAL CONSIDERATIONS

In this chapter some mechanical problems will be discussed which are uniocue

for cryogenic pump design because they are csused by the fluids to be pumped. The
discuasion will be limited to LOX-RP1 and LOX-LH, systems since they are the moast
important for space flights.

Botating Seal Arvengement

Figure 13 shows a bearing and seal arrangement of a IOX pumpl In this case the

bearing is separated from the IOX pump by a seal package eo that it mey be lubri-
cated by a separate lubrication system. The seal package consists of two



rotating (4 and C) and ons ahaft xiding ssal (B) which is purged in order to assure
safe operntion even if one rotating seal fails. A3 a consequence, a spsce con-
eaming design resulis with a large overhang of the LOX impeller entmiling critical
speed and clearsnce control diffiomities. Sych a LOX pump arrengement is dsmgerous
sinae Fubblng betwesen the rotating and stationary parts dus to shaft deflections
nay trigger an explesion. If, however, a LOX lubricated besring located as close
as possible to the iwpellar ie used and ths meal package iz instulled downstrean
of this bearing, the eritical speed and impeller clearauce problems sre avoided
{(Pigure 14, Reference 5). Such an arvengemeat onhances the reliability of the
terbopiaap

The sssl packege ss shown in Flgures 13 and 14 represent the idesl reliable
solution, Mowever, in order to ba effective, a careful ins.zllstion is impor-
tente To avoid any leaksge flow along the shaff ox along the housing seal pacikege
interface, gasikets and other static seals, such es O~rings, have to be inatalled.
It is not sufficient to use metal-to-metzl seal surfaces.

The highest cryogenic static sealing relisbility is schieved by use of Tlange
gasketis or other compression seals, deflected by u clamping force between flat
surfaces. ‘herever the tempersture permite i%, plastic gaskets are recormended.
Multiple atackupa should also be avoided. The idesl solution ies to clamp each
mating ring against a shaft shoulder and assurs, by using a geske! betwesen mating
ring and shoulder, a leakage-free imstalletion,

Beorings opd Axial Thrut

The design concept described above is only possible if bearings csn be used

which are lubricated with the propellants to bs pumped. This has been established
and experimentally verified for many years, (Reference 6). A minimum fatigue

life of ten hours is sstisfactory for rocket engire uss. To achleve optimwm
performence, correct if.tts of imne~ races on the shaft ard outer races in the
housing are extremely importsnt to prevent race oreeping and fretting, it is
noripal practice to provide a tight it of the rotating race agailnst its mounting.
It also muat bs taken into sccount that the room temperature dimensiona of the
bearings and shafts will bo considersbly altered at operating conditions which
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iz an importent consideration when meterials of differing thermal expansions
are mated. Summarizing it can be sald that pumping eryogenic fluids becomes
lese complex if bearings sre being used which are lubricsted with these
finids. The designer ies fres to select seal arrangements which are best
sadbed to overcome rotordynamic difficulties. Unfortunately, however,
bearings lubricated with IOX or LH, cemnot withstand high loads and high
speeds. It is, therefore, essentisl that the axial thrust is controlled.
The enalysticsl determinstion of the axial tlrust is relstively easy, the
result, however, is full of uncertainties. An exsct prediction for a1l
operzting conditions: Start, steady state, smtdown, changing clearsnces
and csvitation, etc., make it impossible to predict the axisl thrust accurstely.
Therefore, it is recomnended %o use & self-compensating balance piston.
Figure 15 (a and b) shows schematically two commonly used configurations.

As loeds are developed in the turbopump, the sheft tends to move, opening

or closing the control orifices. For exsmple, when the shaf't moves to

the right, the pressure on the right side of the balance piston will inecreass
tending to restore it to its originel position. Such a system relieves

the bearings from the load under sll operating conditions.

TURBOPUMP RESTART AND TEMPERATURS DISTRIBUTION

Start and restert of a turbopump is & diffiouit problem. It iz naturally
no problem if quelity propellant can be supplied at pump inlet. Such a
requirement; however, entalls complex muxilisry chill and pressurization
systems which are undepivsble. To understand this better, the swallowing
capacity of the pump during chill down may be discussed. This capacity is
limited by the vapor-generating process mainly in the inducer, caused by
both cevitation and boiling during the ohill-dowm period, During this time
& strong heat transfer occcurs inside the pump at all wetted surfsces and

a certain amount of vppor is geuerated such that the latent heat of evapor-
ation times the rate of vaporation equals the rate of heat tramsfer to the
liouid. The vapor is, of course, produced right at the surface of the flow
vassage and probably distinct zomes of vapor and iiouid will foxm.
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For a stationary, trapped smount of liguid, this image may be qulte correct.
However, for & flowing fluid the best description may We to consider a home~
geneous mixture of limuid snd vepor bubbles flowing slong with uniform velocity.
Under these conditions, the swallowing capacity of the pusp is determined by
the head breskdown in the inducer due to cavitations that is vapor formation in
the passage. This mechanimm is mot %00 well umderstood; however, it may

be related to an acoustic shock phenomenon, because the acoustic wveloeity of

a bubble mixture is low having values in the vicinity of the velocities used

in the flow passages (Referemce 4).

From the discussion above it Pecomes clear that the swallowlng capasity of a
pamp will be affected by the vapor generated per unit time and it con be cone-
eluded that the selection of material will diminish er eggravate the vapor
ganeration per unit. In other words, materiazl having a slow heat conduction
will be cooled down fast -af the surface where low temperatures ere nseded;
weanwhile, the temperature Ior the core will still be relatively high, Under
these conditions, certainly less vapor is generated per uwit time thus helping
the pump to swallow the mixture, Unfortunstely, today no material existe which
would provide significant adventages over the commonly used. In Figuve 16 smome
exparimental desults are sumanrized showing the cool-down time of three different
materialas. As can be sesn Titanium has the slowest chill time, spproximetely
504 longer than the normally used aluminum, Titanium has, therefore, some
adventage over aluminum, Naturally, also the warm-up period will be stretched
out, which is of benefit if a restart of the engine is undertaken within a fow
minutes after the shuf down.

Another major problem ares affecting the turbopump design is %o insulate the

heat stored in the furbine from the pump preserving at the same time the mechanical
integrity end minimizing temperature gradients which ceuse excespive stress. Mo
perfect solution existe at the present time. There will slways be soms beat

legk from the turbine to the pump by way of the shaft én the housing. A poseible
solution to isolate the pump housing from the turbine houesing is illusirated in
Figure 17. The two housings are connected and aligned with radiel pins. The hest
flux in th.= tese is minimized. Other solutions are naturally alao posaible;

such as, for instance, & flange comnection where the two flanges avs separated

by a heat berrier-type gasket.
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SUMKARY

The goal of this report was to identify and (iecuss problem areas which sre
untique in cryogenic pumps used for spase travel. Thess problems sffect the
design of the pump impeller, the seal,bbesring, and the housing arrsngement., A
mgjor problem affecting the design of the rotating elements are the unsteady
forees - flow oscillations - which may endsnger the planned space mdissiou.

It is shown thet in order to srrive at a relisble pump, » shrouded impeller and
bearinge lubricated with the fluid o be pumped and located close to the oxidizer
phnp should be used. Based on test results, recommendations are included
concerning the unsteady forces., The effect of inducer and impeller design

on these flow oscillations iz presented.
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