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The basic desagn of wind turnels suitable for jet engine drives
has been investigated by matching the predicted mass flows and total
pressurc losscs of typarcal tumnel confignrations wath the cstimated
mass flow and total pressuwre risc characteristics of possible pumping

systems.
There arc throe possibalities of jot engine pumping (1) anduction
pumping (i) suction pumping and (ii1) parallel suction and induction

pumping, of which induction pumping is shown to be the most favourable.
Using this system a typical 5,000 1b thrust jet engine (such as a

R.E. Nene I1) can draive

(1) 4 high spced subsonic tunnel of L £t° working section up to
M= 1,0,

(i1) & supersonic tumnel of 2 £t2 working section up to M = 1,2,
P

1.8!

(iii) L supersonic tumnel of 1 ft2 working section up to M

For these three coses it has been assumed that humidity effects
can be controlled by partial recirculation of the hot engine exhaust
gases to raise the working scction temperature to 60°C. In the
supersonic case 60°C might not be sufficient and other methods of
humidity contrel have been discussed 1in rclation to Jet engine draves.
Induction pumping readily allows multiple engine drive, 1,e, the above
worklng section areas can be increased in proportion to the number of

engines used:
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1 Introduction

It has been usual to regard the Jet engine purely as a thrust
producing power plant but it also forms in 1tself a pump as the intake
aar 1s raised (i.e. pumped) to greater total temperatures and pressures.
However the aar at outlet from the pump is not near stagnation conditions
but has high kinctac cnergy which would need to be diffused To give a
truc total head pump. Alternatavely this kinetic encrgy could be usced
dzrectly o5 the drive 1n & secondary inductron pump.

These possabilities for wind tunncl drives were first rcolized at
the end of World Viar II when more conventional drives for mgh specd
wind tunnels were not cvarlable.

Since then a number of tumnels with Jet engine draives have been
bwlt by the Aircraft industry and further tunncls arc progected.

Thas type of tunnel has proved attractive for the routine develop-
ment of high speed aircraft in that a roadily accessible tunnel with a
workaing section of reasonable size can be obtained by a relatavely cheap
and gwick consbruction.

When jet engines are surplus or in mass production the cepitol cost
wi1ll be quite low The drive uscs meantenance and operating staffs and
also a fucl systom which are well known to aircraft firms and may already
be aveileble.  Though runming costs arc high they are an poart offsct by
the poor "load factor' characteristics of wand tunnels,

& gonsiderable amount of work hes been done on these tunnels but
the literature is not very extensive, referrang in general to particular
tunnels. The presont aim 1s to collate some of this information and to
examane the various thecornes to formm a basis for fulure designs and to
examinc the possibilitics of extended use of the systom to give & super-
somc tumel,

1.1 Mcthods of wind tunnel draive by turbo-jet engines

A turbo-jut onginc may be used to drive a wind tunnel in three
Way S,

(2) by using the jet as the driving jet in an induction pump,

(b) by coupling the tunncl directly to thc engine air inteke and using
the engine 1tsclf as a pump,

(¢) by combining (2) and (b) so that the two pumping systcms arc an
perallel, wx.e, so that the cngine is contained in the tummel vath flow
arcund it as well os through it.

The main considerations in selecting the method of draive is net in
the pump characteristics alone but also in the operational feotures as
releted to cngince location, It must be emphasised that easc of engine
maintenance and reporr s of prime importance in wind tunnel avazilability
with drives such as these where the engine hos o relatively short life.

The first method (see Figure 1) allows any number of engines to be
used (hence a wide ronge of tunnel sizes) all of whach are easily
accessible for moantenance and repair as they need not be cowled but
housed i1n & scparatec room. Also in multiple engine installetions a
lamted operation of the tunnel vould be possible with an engine removed
for replacement.

- 5 -



The second method 1s most simply applied to drives by a single
engine_ (scc Figure 2), an engine with 2 high compression ratio (about
10 t 1) being most swtable. Ths arrangement still allows reody
accessibility for muintenance and repairs. By davadang the tunnel flow
at the end of the daffuser down strcam from the working section 1t maght
be posszable to use 2 number of engiaes ap parallel bubt the engines would
have to be closcly matched to give an even flow distribution. In
general the total nrescure an the daffuser mey be taken as the enginec
inlel totnl pressure.

For the third method the tunnel flovw must pass both through and
around the enganes (see figure 3) 1.e. the engine 18 contained vithan
the tunncl. Conscquently this configuration 1s most suited to a sangle
engine, the axzial flow typc being best as they give small flovw deflec-
ticong hence minimizing the Josses. The engine 1s fairly inaccessible
and maintenance will be difficult as 1t will involve the ramoval of both
the engine covling and bunncl walls.

1.2

[

g

ossible configurations of wind tunnels

In any method of vand tunnel drive by a Jet engine, provision must
be made for the continuwus entry of atmospheric arr so that sufficient
oxygen vwi1ll be avaxlable to support combustion in the engine, 1.e. a
closed systom 1s not possible.

Also each of the threc methods of drave w21l be downstresm of the
working scction so that the air passing through the vorking section
vould normally be from atmosphcric sources, This means that the maan
confaguration problem, epart from the working section and balance
arrangements, will pe tho methods employed bo control the cffeccts of
atmospheric humidity and dust.

Some form of hurdity control 1s esscntial oven for subsonic
tummels beecausc of

(2) the difficultics and uncertainties of uny humidity corrections,

(b) the possaibilities of condunsation shocks 1n local supersonic
regions! ©,

Of coursc an supcronic tunncls hunidity contrel becomes o prime
consideratzon and caen vitelly affect the whole design.

Thiree moan metheds of controlling humidity effects arc possible,
(1) by 1nercasing the shagnation temperaturc in the working secction.
(11) by »re-dryzng the aar.

(1i1) by pre-expansion of the air in an auxiliary nozzle.

The fairst method of control can be achieved by 2 heat exchanger at
the inlet or more elegantly with the present method of drave by 2 par-
121 recirculation of the hol exhaust gases from the jet engine.
Possible confapgurations of tunnels cmploying these various methods of
humdity control are 1llustrated an Fagures 4 to 7 and their relative
merits are discusscd in Appondix A.

Tor most of the following discussion humidaty control by partial

recirculation of the hot goescs has been assumed as this is the most
economical and simply achieved method of control but the consequent

- -



inerease in working section stagnation temperature does have a marked
effect on the overall tunnel performance. However any general tunnel
configuration can be obtained by combimng at station 2 any cne of the.
pumpaing systans of Figures 1-3 with any one of the working section
confrgurations of Figures 4-7.

1.3 Basic deglgn considerations

- For any method of drive the design basis 1s either to establaish the
range of viorking scction areas and Mach numbers that can be attained for
a given engihe array, or couversely to determine tho minimum number of
engines necessiry to give a desired range of working section areas and
Mach numbers. In practice operation over a range of Mach numbers is
usually required for o faxed working secction erea.

These relations can only be obtained by matching the pressure
recovery and mass flow characteristics of the pumping system with the
pressure loss and mess fiow characteristics of that portion of the tunnel
upstream of the pump.

The wand tunnel characteristics and also the pump characteristics of
2 jget engine used &s a suctaon pump {as 1n the second method of drave)
can be dotermined independently as is andicated in the following sections.
The matching process simply involves tho selection, from the pump characw
teristics, of the engine operating speed (af 1t is within the allowable
engine temperature range) at which the moss flow and pressure difference
are the same as thosc given by the tunnel characteristic.

Hoviever when induction pumping 1s used (as is the case in the first
and third methods of drive) the pump characteristics cannot be determined
indcpendeontly of the tunnel., Thesc characteristics depend on the
configuration of thc induction systam, 1.c. the area ratio «o

arca of Driving Jet Nozzle

=

whore a = _d
A, area of induced 2ir onnulus

and the mass iow ratio §

Ty mass flow rate of driving Jet
where B= %=
m, mass flow rote of induced eir

In any matching of the pump system to the tummel the number of
engines and operating conditions will be krown, x.e. m, is known.
Also- for the tunncel the working section area and Mach number will be
given, 1.e¢. m, 15 known, thus B con be readrly determined. The
valuc of g will depend on the éonfiguration of the induction pump which
1s not inmitially krown consequently only crbitrary values of a can be
assumed

Hoviever for basic dosign purposes it would be very desirable to have
an indication of.the bost value of @ and consequently a set of charts
was developed (€8¢ scctaon-3.12) for likely velucs of the other induction
chamber parameters showing the voriation of the pressure recovery to the
mass flov ratio (B) for o serres of values of a. From thoso charts
(Frgure 1113} it can be seen thet, in gencral, for & given pressure rise
the ratio B is leasl for the smallest value of « that will give the
required pressure raisc.  Henee for o given Jot mass flow (1.e. o given
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jet engine maximum performance) the tunnel mass flow will be maximum
wvhen a has thiz minimam value. This condrition for o then corres-
ponds with the general basic design considerations outlined at the
beginning of this section.

An eshimate of this value of o for any given tumnel character—
1stics can be made from these charts as, also, can be the pump character-
1stics by interpolation. The mcthods of devcyrmining the tunnel
characteristics and the punp charasteristics of the three methods of
drave are discussed in detail arn the following scctions as arc the appro-
priate matching methods

2 Determaination of wind tunnel flow chirocteristics

2.1 High spead subsonic tunnel

For an initial desiegn study only a generalined total pressure loss
characteristic is needed. Usually such pressurc loss curves are
presented on the basis of the working scct.ion Much number.  However
coch llach number w1l arrespond to & voriroculor mass flow/unit orea of
working section whiich con be determined thus giving the required total
pressure losg o mass flow charoetcristie for Lhe funnel.

In determaining the mass flov/uni’s arec. of working section corres-
ponding to & particular ilach number 1% 1s convenient to assume that the
flow through the scttling length and inlct contraction 1s 1sentropic,
1.e. that total nead conditions in the tunncl vorking section correspond
{0 atmospherac condataons,  Tihus assumption mall gave slightly greater
mass flow than will be obtawned ir preactice ond hence for matching pur-
roses will be congervalive.

Hence from continuity

P4 Yy

m'1 :m‘a:'A"] P'1 V4 =Apo__ “a T

Po o
_ P
where stotion 1 refers to vhe working scclion (zee Figures L-7) and —-
]

v
and 3;- are obtoaned for M, from stondord tebles and Py ond &,
"o

refer to atmospheric ceonditions. This mass flow must be corrected by

the factor %§§ 1t TT s the total tamperature in the vorking sec-
T, 1

tion differs from the stendard atmospheric temperature 288°K.

To obtain sonic speeds with o emall model in posation the pressurc
rotio must, an gencral, be the same ns thot required to choke the tumnel
when cmpty. It moy nced to be somowhat larger still to allow for the
probable reduction in diffuscr efficioncy duc to interference from the
model supporis.

The likely drop in total pressure up to the dovnstreem cnd of the
diffuser following the vorking section under these conditions vould be
1.6 t0 1.8 1b/1n2, i.e. a total pressure ratio of 1.12 to 1.14 would be
required to drivc the tunncl. Curve 5 of Figurc 8 zllustrates o
typical totzl pressure loss characteristic for thas type of tunnel.



2.2 Bupersonic tunnel

As wath high speed subsonic tunnels the generalized total pressure
loss curve 1s given in terms of working section Mach number; the corres-
ponding mass flow/unit area of working section must be determined as
before.

The total pressure loss curve here used (Curve 1 Figure 8) obtained
from that of Crocco quoted in reference 1, being based on a diffuser
with a normal shack followed by subsonic diffusion with a polytropic
efficiency of 75% (i.,c. an adiabatic efficiency of 78/)., However the
theoretieal values of total pressure loss have been increased at Mach
numbers near to unity so that the curve corresponds more closely with
experimental results. It is faired into the subsonic curve in an
arbitrary mammer.

3 Jet induction pump draive

3.7 Detcrmination of induction pump characteristic

2.11 Engine performancc

For basic tunnel design purposes only the injector characteristics
under maximum engine performancce conditions need be considersd. If the
pressure diffcrence developed by the injector system 1z equal to or
slightly greater than, the pressure difference required to maintain flow
at each working scction velocity of interest, then the enginc and injee-
tor configuration will be satisfactory.

If at somc part of the range of working scction velocities the
pressure differerce is much greater than that required to maintain flow,
then the engine R.P.M, can be reduced to give more economical working at
the required lower pressure difference, but it is the maximum output
conditions that will determine the basic design.

At moximum R.PLWM, 1t is usunl for the final nozzle of a jet engine
to be choked, hencc the induction jet 1g¢ assumed to have a Mach number
= 1 in all cases, Though better pressure recoveries ain the induction
system may be possable with supersonic jet velocities they were not
investigated as the pressure difference across the final nezzle is never
likely to exceed the craitical value so far as to warrant the fitting of
a davergent portion after the nozzle throat.

3,12 Flow an the mixing section

The analysis of air induction systems has becn made by a number of
investigators5s »758 but in general their treatment is based for simpli-
city on one dimensional flow using the four steady flow ecquations of

(a) Continuxty

(b) Momentum

(c) Encrgy

(d) State



kny compariscn of the drfferent analyses is, however, complicated
by the variation in the further assumptions namely whether

{2) Tlow 15 essumed compressable or wot,
(b) Mixing 15 assumed complete or not,

(¢) The ratic of specific heets 1s assumed the same for hoth gas streams
or not,

(d) The flow 1n the mixing chamber 1s assumed frictionless or not,

(¢) The static pressures of the induction jet and the induced air are
assumed to be the same or not.

Naturally the {inal justaification for any of these assumptions
depend s on whether the resulting analysis gves o sufficaently accurate
correspondenge to actual test results.

Hoviever ot the present stage no systemetic experamental investiga-
tion has been made to check the various analyses avaalable. Consequently
a theorctical analysis must be used as the basis for any dezign study and
the choicc between the various theorctzeal analyses must be a compromrse
betvicen cxecessive complication and unrealistic simplification.

The enalysis, vhich 1s gaven in Appendix B 1s similar to that gaven
in reference 7 but has been modafied to suirt avoileble flow tables end
all values of the Jet to air annulus total temperaturc ratio. The
assumptions of the analysis are
(a) Flow 1s compressible,

(b) Mixing 18 complete by stetion 4 (see Frgure 1),
(e) Flow 1s not fractionless,

(a) Ratio of spceific heats 15 the same for both gases (Y = 1.4),

(¢) The stotic pressurc of the induced air and the Jet nced not neces-
sarily be equal.

The analysis gaives five andependent variables

Pp, Tp

My M ik, 2} and «
P T
Ta Ta

op
from which o depcndont variables -1?2 1.7 and B may be calculated,

0
T
Henee fixang four of the andependent voarichbles M - and «

J’ op
Ts, Tq

(of whaich M, olwoys couals one from the previous section) curves

J
APT
of ~= X147 toe B con be obtained by varying M, . These curves
0

are the mixing section characteristics-—which form the basis of the
injector characteristics,

-10 -
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Investigations were also made into the analyses due to Hawthorme and
Cohen® and Rolls Royce Ltd.8 but these were both based on the assumption
of equal static pressures in the induged air and Jet section of the mixing
chamber. As the Havthorne and Cohen” analysis 15 based on compressible
flow 1t becomes a particular solution of the foregoing analysis,for the
assumption of cqual static pressures at the anlet to tho mixing chambexr

P
claminatces the paramctor —,:E-'l .

Ta

The Rolls Royce analysis8 1s bascd on incompressible flow and is
presented in the form of a generalized mixing chamber and cxit diffuscr
characteristic bascd on a flow parameter and & pressurc perameter that
arc ideally equal. When compared with experamental results any
inequalaty 1s taken o8 o measurc of the efficiency of mixing though other
assumptions of the analyais such as the equelity of jet and induced air
static pressurcs, may olso be invalid and may alsc contribute to any
discrepancy between cxperimental and theorctical results.

Flgure 9 gives a comparison between the injector characteristics

T

T.
based on coch systom for a = 0.10 and E-j-s 3.0, It shows assuming

Ta
oqual stotic pressurces in the induced oir and jet inlet that the assump-
tion of compressible flov (Hawthorne and Cohen cnalysis) gives o lesser
pressurc recovery than doecs the assumption of incompressible flow (Rolls
Royce analysis) vhercas 1f the jet static pressure is assumed to be
hrgher than the anduced car static preasurc (i.c. the jet is not
campletcly expanded) considerably higher pressure rises can be obbained
than vhen the inlet stutic pressures sre assumed the same. Consequently
a8 in practice the anlet static prossurcs need not be the same this anlct

P

pressure paramcter E—Q is important and should b¢ considered.

Ta

313 End arffuser and gencrclized induction pump chorccteri gstics

The end diffuscr will in general exhaust to atmospherc hence the
exat static pressure will be P,. From continuity the exit Mach number
con be found for caither 100% or lesser efficiencies oend hence the static
pressurc risc charactceristics against inlet Mach number (scc Appendaix B).

Figure 10 illustrates such diffuser characteristres for isentropic
cfficicncics of 100% and 80%. The case for 1004 is the seme as the
reciprocal of Figure 16 of refurence 9.

For the threc arco ratios chosen it coan be secn that an arca ratio
of I gives good pressure rccoveries without an excessively large diffuscr
structure.

These choracteristics have been combined waith the mixing section
cheracteristics to give the combined injector charecteristics of
Fagures 11, 12 and 13.

The values of the porameters used 1n developing these charocter-
1stiecs have been chosen so that they will correspond as for as possible
to the maximm ocutput of an engine such as a R.R. Nene II and a working
scction total tamperaturc of about 50°C. Thesc considerations give
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T, P
1 T
volues of —d = 2.0 and i = 2.0, 2.5 and 3.0. A series of values
P P

L

T, T,

of a = 0,05, 0.10, 0.15, 0.20 and 0.50 have been taken whic* covers all
likely values of a. It has been necessary to assume that AP, = O
(1.€. flow frictionless) to obtan any generalization, as the estimation
of AP, depends on the specific mixang chamber configurction Methods
of alloving for frction 1n the mixing chamber are discussed in the
folloviang scotion,

The resulting characteristic curves for induction pumping are suit-
able fo» aimivial design study purposes and also give an aindrcation of
the relati--o importance of Jhe varzous parameters so that opilimum mixing
chembor confirgurations con be awmed at.

3,14 I'riction loss in mixing chamber

In the development of the foregoing generalized injector character-
isties 11t was necessary to assume that the flow in the mixang chamber
was frictionless as the temm for pressure loss due to friction can only
be escirmated for a particular configuration when the flow conditions are
knovm,

In & gpecific cose the dimensions of the mixing chamber would be
known and o first cstimate of the flow condations could be made assuning
fractionless flov and thus en appreximate value of the temm for pressure
loss duc to friction could be deduced ond the anelysis repeated.

Tor fractional compressible flow in a pipe Young and Winterbottom! |
found for o simplified theory such as Hoathorne's (which assumed the
local friction coefficlens was constant clong the pipe) thot the fraiction
coefficirent must be estimated with close accuracy to give a satisfactory
estimate of the choking distence and other flow paremeters.

Consequently, as the present mixing theory gives no indication of
the flow chonges clong the length of the pipe (i.e. chember) but only the
end conditions, the friction coefficient was estimeted from the wall
Reynolds mmbers ot the two end planes and these coefficients vere usecd
in conjunction wrth the assumed flow conditions for the respective planes.
(For onnlysis sce Appendix B).

As the agssumed flov conditions were estimated for fractionless flow
a more refined estimate of the pressure loss due to fraction (an@ hence
the mixing proccss) could be made by repeating the analysis using the
flov condations found from the second analysis allowing for friction.
However for the coeses examined the dafference was neglagible and in fact
as shown oy the following tahle of & typrcal éngine-tunnel condition,
the pressure recovery wos cstimated wath sufficient acouracy if the esta-
mate of vressure loss due Lo friction was subtracted dairectly from the
value of the pressure recovery assuming frictionless floy without
repcating the mixang analysis.

TABLE
Tunncl Conditions Bp = 13, 1b/1n? TTa = 333K  « = 0.15

Engine Conditions R.P.M. 12000

-2 -
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Assumption Pressure Recovery

7 Chamber assumed frictionless. 1-70‘1b/1n2
2 Friction loss (AP,) estimated from flow 1.64
condirtions as in 1. Mixing analysis

repeated using this value of APp.

3 Frictizon loss (&P:) gotimated from flow 1.60
conditrons found in 2. Mixing analysas
repeated using this value of 4Pp,

L Value of AP, a3 estimated 1in 2, oub-~ 1.6
tracted direcctly from 1.

For inmitial design estimates 1t is only possible to assume friction-
less flow hence some arbitrary allowance should be made for the pressure
loss due to the ncglected friction. On-the basis of the above table
the required pressurc recovery would necd to be about G.1 to 0.2 1b/1n2
greater than the cstimatoed turnel loss.  For mixing chambers for super-
sonic tunnel drives the outlet velocities are higher hence the allovance
for friction loss would need to be somaowhat higher than the above valuc.

3.2 Matching of tunnel and injecior charscteristics

For the jet, data curves for the engine will give Tps my A, and

J
J
fucl consumption for lhe mexamun R.P.M. but not Pp . However Pp
. J J
can be determined if thce fanal rnogzle is choked from Figurc 28.
Ppo Tp
R
Hence for cach viorking soction Mach number of interest ——i, -
Ta Ta
me
and B = —t ) arc determined from the tunnel and enpgine choracteristies.
My
Irom the anjector charccteristics valucs of I x 14..7 can be obtained

0
by interpolation for the velues of a of interest. These pressure
rises (less an allowance for pressure loss in the mixing chamber) con be
comparcd wi1th the pressure drop required to give the particular working
scetuon Mach number, hcnce & satisfactory value of a can be detormined.

L Jet engine suction pump drive

k. Determinalion of suction punp characterigtics

k.11 Enpine performance

The-determination of the cheracteristics of the jet engine when
used as & suction pump is only o particular cese of the general problam
of detcrmining the performance of the engine under diffeorent flight
condrtions. The. cyele is modafied so that the exhaust gases are made
to daischarge into air at highor pressures then the intake, that 1s the
cycle operates ag though the ram pressure ratio was less than one.

Nominally, as with the induction pump drive, only the suction pump

characteristics ot maxamum engine performance need be considered for
basic design purposes. As shown in the following section, under these
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condrtions, with some further assumptions, i1t 1s possible to predict the
pump characteristics for any compression ratio and inlet condxitrons thus
giving an indicetion of the likely performance of any engine of similar
component effieciencios.

For dctaal design and general operation it is desirsble to have an
1ndaication of the suctron pump characteristics of the engine when it is
running at part load, In such cases the perfomance of a particular
cngine must be considered. I the component characteristics are known,
this 1s a straightforverd maetter but, in general, these are not given by
the Manufacturcrs Porformance Date Sheets. However it was possible to
make an cstimate of the compressor, turbine, and jet pipe characteristics
from the data sheets by the methods described in Appendix C.

4.12 Suction punp characteristice at normal maximum R.P.M.

(2) Bogine with normal jet pipe

In reference 12 it is shown that if

(a) The final nozzle and turbine inlet guide vances are assuned
choked

(b) Turbine efficicncy assumed constant

(c) The compressor work input 1s assumed a funchion of R.P.M. alomne
then the turbine pressure ratio PTIII /PTIV , the maxaimum temperature

TTIII and the jet pipe temperature TS are all constant for a given
w
engine at a given R.2.M.

Hence it 15 possible to predict what the mass flow fo pump pressure
rise characteristics wall be for various compressor rstios and inlect
tamperatures as is indicated in Appendix C.

Figurc 14 shows some typical curves for compressor ratios of 5 ¢ 1
and 1C : 1 under two dafferent inlet temperatures and maxamum tempera=
turcs.

As might be cxpccted the use of a hagher temperature in the combus-
t1on chamber incrcases the mass flow at a given pressure rise, the
increase being more marked in the case of the compressor ratio of 10 5 1,
1.e. with the greoatest ftemperature rise..

Lt standard test bed inlet conditions the pressure rise obtainable
at ony mvwven mass flow is greater for the engine with the comprossor
ratio 10 ¢ 1 but for high inlet tcamperaturcs as may be obtained when
coupled to o recarculabion tunnel (for humidity control) the pressure
e will be about the same as for the engine with e compressor ratio of
5t 1, or even less with low values of combustion chamber temperature.
W1th cither compressor ratio the effect on performence of the anlet
tampercture chonges 1s much more merked than combustion chember tempera-
lure changes. In all cases above the choking conditions the variation
of mass flow to pressurc rise 18 lincar as the ratio PT v o is

‘ IVi*to
mIV Y, 'lTIV

chonged lincorly and the flow parometer =———— ig constant.

A P
v TIV
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P
T
he conditions when the final nozzle 18 not choked PIV < 1.85)

0

are conszdered in the following sectiron but the present curves are those
of main design intcrest @s the pump characteristics below the choking
line arc not very suitable.

(b) Enginc vath ecnd diffuser replacing normal ot pipe

The advanbage of using an ond daxffuser instead of the normal job
pipc is that the guide vanes and inlet to the daffuser will ramain

P

choked for lower valucs of From Figure 17 1t may be seen that
P O

has been theoretically estimated at 1.2 (for

the choking value of
0

an adiabatic cfficicncy = 80% and an area ratio 4 : 1) and consequently

a higher pressurc risc should be obtained with the engine still an the

choked condition, i1.c. the favourable section of the pump characteristics

can be extended into regions of higher pressurc recovery.

Tests on diffusers wath a 4 ¢ 1 area ratio by Young and Green’ have
shown that for rectangular diffusers with diffusion gsemi-angles of 5.3° that
Py
showed 2 very scrious fall in dffuser efficiency at Mach numbers of
about G.75 but Rolls RoyceS have found that good efficiency can be main~
tained up to inlet Mach numbers approaching unity by putting a faired
transition from the inlet to the beginning of the diffuser. It should
be possible to meet these conditions in the prescent arrangement.

the choking valuc of corresponds to 1.2 or 1.25, Thege tests

L.13 Suctron pump characteristics at engine part load

To determine these characterastics the engine component character-
15%1cs must be known, 1.@.

(a) Compressor characteristics showing compressor temperaturc rise 8
against R.P M. (N) on the assumption that 6, 15 a function of N alone.
See Fagure 15.
{p) Turbine temperature ratio characteristic showing the ratio of the
temperature drop through the turbine to the total temperature at the

o
turbine inlet (T & ) plotted against

Tyt

(1) the ratio of the total pressure at the turbine anlet to the

Pp
total pressurc at the turbine outlet (-—~£ll) and
P
T1v

(12) the ratio of the total pressure at the turbine inlet o the
P
T

I1L

C

atmospheric prossure ). See Frgure 16.
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(¢) Jet pupe characteristics showing the dimensionless mass flow

[ P
meyy Ty Try

paremeter -——————— agaanst . See Fagure 17.
Ay By P,
v
From these characteristics 1t may be seen that at any given R.P.M.
e Sty
and value of preater than the chokang value then —=== 1is

LS Trr1r

constant and henee, as 04 {and therefore ec) is constant for a given

P
Tr1r

R.P.M., TTIII will be constant. However at values of below

0

the choking value the corresponding value of

T will not be constant
Trr
but will decrease, that i1s, for the miven R.P.M. values of TTIII (and

P
T
T ) must incroasc as the value of 383
T1v P,

value, As

drops below the choking

TTIII depends on 6 1t will also be seen that the obso-

lute value of TTIII v11l be greater ot mgher R.P.M, for from Figure 15
8, (2.6 et) increases with R.P.M. increasing.

The effect on the cyele, of using the cngine as a suction punp is
to have ram pressurc ratios less than one, 1.e. if the R.P.M. 18 constant

P
T
to decrcase and 1f this valuc falls below the choking value to
O
By
decrease Consequently as an engine is normally designed at
“Trrr

static conditions so thot TTIII has its masomum allowable value when

Fp
the R.2.IL s grectest and 1Ll is above the choking value, 1.c.
6 Po
T s is mogamum, usc of the engine as o suction pump et maximum R.P.M.
i1z

vi1ll mean thot the combustion chamber temperature TTIII must rise above
the maxamum ollovicble once the suction pressure difference is great

Py
enough for 111

to foll below the cholung value for the engine.

Lat)

o]

At lower R P 1f's, due to the decrease in 6, 1t is possible to
Prrry

0
without the moximum temperature being .exceeded.  Greater suction pres-

P
I11

operate the cngine et values of less than the choking value

sure differcnces will not be obtained as the ratio

is decreased,

T
I
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(as is the wass flow 1hough the ergine), corresponding to ihe R.P.M.
This is 1llustrated ain Figures 18 and 19.

It can be scen that the use ol the jet ongine directly coupled as a
suction punp involves the further restriction of minmumum flow rates as
well as the existing mexamum flow retos through the engine. This 1o
duc to the roapid lncrease an total toemperaturs at the turbine inlet botl
at low mass flov at low R.P.M. and at high suction pressure diffcrence
at maxamun R.P.ML. This low lumtation cién be met by having blecd volueo
from atmosphere at the inlet to the ungine allowing additional ocar to
puss through the engine, as descrmbed in refercnce 13,

The advantoges of fitting an ond dixffuser are in the moin, the nome

P
T
a8 already shown Ln section 4.12 in that the choking value of —LiL 15

]

reduced thus increasaing the suction thot moy be obtained ot moximum
H.PM. waithoud cxcceding the maximum allowable temporature for T
(sce Pigures 18 and 19) . 111

In colculating the cffect of an end daffuscr, the annulus area was
not knovn, 1t waz more convenient to assume that the drffuser started
from the finel nozzle of the jet pipe. In practice 1t would start
immediately from the anmulus thus obviatang the jet pipe losses, conse-
auently the present assumpticon should be conservative for conditions
below choking at the diffuser inlet. Once the di1ffuser has choked flow
dovmsiream of the inlet will be supcrsoric berng followed by o normal
shock and gubuoric flow, the posation of the clock being determined by
ihe pressurce difference acrogs the diffuser?. As the present purpose
ts to utiiire ony excess of pressure that may exist ot the inlet to the
diffuser chove the choking pressure ratio for pumping purposes flow in
this regimc need not be considered in detarl. Detarls of the calcula-
tion of the character stics are gaver in Appendix C.

L.2 Matching of pump choructerzistics to tunnel characterigtics

No dafficulties are anvolved in the matching process for this case as
both the tunncl ond pump characteristics ctn be determined indepondent
of onc another and conscquently the sclection of possible working section
Mach mumbers ond areas can be read ly made.

Onc method of matching the mess fiow, thet hos been used experimen-
tallyli_as to provide oir bleed valves ammediately in front of the pumgp .

5 Jet engane drive by suction and iniuction pumping in parallel

5.1 Determinatron of combined pump characteristics

In this arrangement (see Mpure 5) the engine 15 contained withan
the tunnel, part of the tunnel air f£lows: through the cumne (acting as
a suction pump) vhilst the remainder flows around the engine!, the flow
being mainteined by the induction cffect of the jet issuing from the
engine.

Hence the tvwo nethods of pumping may bo considered to act in
parallel as the total tunnel flow 1s divided hoetweon them,

For tunnel design purpeses it 1s only the combined pump character-
1stic that 1s of interest but this connot be dircetly obtained as the
characterastice of the two comporent systume are Jissumlar; they
must nccessarily operatc botween difforent pressurcs (duc to further



pressure loss between station 2 and 3 (Fogure 3) 1ip the flow around the
engine section), and imitially the divasion of flow between the two
cannot be predicted.

Due to these and other complexities it is not possible to generelize
the pump characteristics, und they must be referred to a particular
configuration.

5.11 Flow cround cnglne

To determine the combined pump characteristic for a given configura-
tron the loss an tolal pressure of the flow around the engine must farst
be detcrmined as the induction pump must compensate for this loss as well
as $ho nomel depression at the 1nlet to the pump (i.e. at station 2).

To mmplafy the calculation of the pressurc loss an approximate
mcthod hoe been used based on the drag coefficicnts of the noeclle and
slructs in o uniform stroam.

An estimntc of the {low conditions at the two end planes can be
made using thesc drag coeffacients 1f thoy are assumed indepcndent of
pressurce and Mech number.  The method of analysis 1s gaven in Appendax
D and Figurc 20 shows the rclotionship between the Mach number (ﬂglhat
the beginning of the flow arcund the engine section and the end b
number (M.) ond also the total pressure ratio for Afferent values of
the "drag factor" K (vhere K 1s a function of the various drag
coefficients) such that

% - Ob(paccllic) ( a )2 . SDletruts) Af op L
D

v L A3 D

where d = moxaimam diameter of engine housing
D = diomeber of tumnel ot engine section
Ap = frontal area of struts
Aj = aren of tunnel seotion at station 3
" = length of cngine section
Cy = friction drag coefficient of tunnel walls

5.12 Suction punp characteristics .

From the analysis of the preceedang section the total pressure ond
Mach number at station 3 can be determined for ony given mass flow (m,)
around the engine scction, if the conditions of total pressure and
temperature ot gtoetion 2 arc assumed correspondang to a desired tunnel
working section Moch number. The total temperature of the air flowing
around the enginc scction will be the same at station 3 as at station 2
if the heet addition due to cooling of the enginc 1s agsumed negligible.

As the Mach number of the air approaching the engane will be small
the intcke rom compression can be essumcd isentropic, 1.e. the nacellc
total pressurc (PTI) 15 agsumed the some as the total pressure at station

2 (PTZ). The jot will discharge into the maixing chember ot a static

pressurc P, (dctormincd as ebove) so the engine operates as though it

had a ficticious ram pressure ratio —~g, which is greater than cone.

B

The jet flow rolations canmot be detormined by assumng the final
nozzle 1s choked ot mogomum R.P.M., even 1f thas ram presgure ratic is

- 18 -



appreciable, 1f the tummel air total tenperature has been lncreased by
partial recirculdation. The jeb velocity and total pressure must be
determined from the thrust and flow data. Howover 1f the tumnel is
runnang 2t atmospheric tamperature the final nozzle will generally be
choked at maximum R.P.M.  Hence assuning the totel mass flow at station
2 can pe varicd to swul the suction pump requirements, the cnginc mass
flow (m3) can be determuned for a given mass flow (maj around the cngine,
1.e. the mass low ratio 3 is deotermincd for a given totul mass flow
(my) at station 2 whorc my = mq + mg. This detemmination 1s, of course,
made on the assumpbion that the inductron pump cheracteristics arc
exactly those required o maintaan the flow my, in all cases.

These induction pump characteristics however will be correct for
only one valuc of my, 2.e. the valuc of B s=o that there wall be a
single value of mp  for the assuned prossurc and temperature condrtions
at 2 and thc engine R.P.M.

5.13% Induction punp chorocteristics

For a given value of m, the corresponding value of 3 hus been
determined i1n section 5.12 and the volue of Pgp — and TT& in section
5.1, =

P Tr .
T 5 8%y
Henee —%, —=, B and « orc known so “that —= x 14,7 con be
PTJ. TT& ©

found either by intcrpolation from Figurcs 11 %0 13 or dircetly as in
Appendux B.
Henmce P 18 deteormincd wheso P,,r =T - AP, and B, 1s
Ta_ Lo, o) T TO.

compared to PTQ as devermined an seciion 5.14. The velue of m, ot

whach PT1 = PT 15 the flow that con be moantaaned by the induction
o a
pump.

From the appropriate value of [ the total pump flow mp oan then
be obtained corresponding to the conditions PTZ’ TTZ’ the pump configu—
ration and the engine R.P.M.

Tvio such cases showing the variation of mass flow to pressure rise

are shovm an Figure 21 for tunncl total temperaturcs. Tny,e = 288°K and

3339K  at cngine maxamun R.P.M. and & configuration such that the "frio-
tion factor" K = 0.0L.

Figure 22 taken from reference 14 shows the change in engine
performance for a Jumo 004 engine run botlh as a parallel suction and anduc-
tion pump and alsgoweth portions of the centre duct removed, i.e. under
test bed condations., The dafference between the two thrust curves
{(measured by a procimoter) gives a rough ripure for the drag of the
cngine and support in the tunnel; 1t 18 to be noted however that the
thrust hag not been corrected for the cxhaust depression. When running
as a pump the wix veloeity about 10 inches an front of station 2 Figurc3
vas about 230 feel pur second at an engine speed of 84,00 R.P.M, and
180 fect per sccond at an engire speed of 7600 R.P.M. It will be
observed that the exhoust total heads in both sets of results arc the
same but thut the speeific fuel consunpbion 1s higher when the cngine
1s runnring in the complete tunncl.
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6 Discussion

6.1 The characteristics of wind tunnels with three different methods of
jet engine drive have been discussed in the light of present theoretical
and experimental data., Methods of determining basic designs have also
been indicated for each method of drive.

The main factors to be considered in making the basic sclection
betwezen each method of drive for a particular type of tunnel are,

(2) The mass flow to pressure rise characteristics of each method of
pumping,

(b) The form of humidity control to be employed,
(c) The enginc acecssibility for maintenance.

6.2 Por subsonic tunnels curves illustrating the pressurc rise to mass
flow charocteristics are shown in Figure 21 for humidity control by
recarculation, i.e, working section total tempc.atures raised to 60°C.

For these conditions induction pumping gaves a greater mass flow at
maximum performence of a R.R. Nene IT than either the parallel or sucticn
pumping systems., However if humidity is controlled by pre-érying the
parallel pumping system gaves a higher mass flow. Of course this compari-
son depends on the accuracy of the cstimation of pressure losses around
the engine nncelle in the parallel pumping case.

For humidity contrel by partial recirculation and induction pumping
1t is shown in Appendix E that a 5000 1b thrust engine can drive a tumnel
of L ft2 square working section up to M = 1,

Part load characteristics of such a drive arc shown in Pigurc 29 as
also is the effect of friction in the mixing chamber.

6.3 For small supersonic tunnels the pamping characteristics required
are opposite to those for a subsonic tunnel, i.e. a high pressure rise
with a small moss flow is wanted.

Pressure riscs suffiecient for working scetion Mach numbers up to
about 1.8 to 2.0 can be achioeved with induction pumping by using large
area ratios {a > 0.5) or by suction pumping if an cnd diffuscr is used
in place of the normal jet pipe. For the examples considered with humidity
control by recirculation the mass flow by either method 1s a2bout the same,
A& working section 1 ft square could probably be obtained over z Mach
number range of 1.2 to 1.8 by a single 5000 1b thrust engine used as
either an induction or a suction drive (see Appendix E).

A higher Mach number range oould be achieved by using a second
throat that has a smaller pressure loss characteristic than conventional
tunncl configurotions.

6.4 Satisfactory operation should alsc be possible with o somewhat
larger working section operating at lower supcrsonic Mach numbers,

For example in Appendix E it is shown that with humidity control by

partial rccirculation and induction pumping a 5000 1b thrust engine can
drive a supersonic tunnel up to M= 1.2 of 2 £t2 gquare working scction.
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6.5 Induction pumping 13 the only system that readily lends itself to
multi~engine drive, 1.e. permmits larger working sections to be used.

Theorectically the pressure rise to masg flow ratio characteristics
would be unaltcored with the present analysis if the area ratio « was
maintained the same.  Experimenteally Rolls Royce8 have found no real
difference between the effocts of a single or double jeot drave with the
seme overall mass {low.

6.6 Tt has been shovm by Nicholson ° that tle engine coot 1s the main
eriterion in any economic comparison of the capital cost of this type
of tunnel with any other type of tummel. If the engines ere avajilable
the additional capital cost will be small, in the regaon of £3500 « 4000
but operating cost will be fairly hagh. '

6.7 Tumnecls wath jet cngine drive cam be quickly developed and are very
sultable for intcrim nceds during the nccossarily long dosign and
construction times of mors permanent and elsborate tumels. Useful
data could be obtouned and staff trained.

SYMBOLS
A = aroa of cross soction
Af = frontal arca of struis
a = vceloclty of sound
ap = total or stegnetion voloclfy of sound
v

B =145 A

T +a Va

ik
1 T Y

o = e flep gl

1+« Lo 1 4+ 0
Cp = drog cocfficrient
Cp = friction coefficient
Gp = specafic heat at constont prossure
D = duct diameter
i = enginc diometer
FG— = gross thrust
by = Tucl flow
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G - 2
Y+1
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length of mixang chember or engine section
Mach number

mass {low

static pressure

total pressure

pressurc loss dus to friction in mixing chamber
gas consiant

gpecifac Tucl consumption

static temperaturc

total temperature

velocity
) 2y T " ?) 2 s
a1 + YM) + (1 ey ==-0 +a) —
P 4" Prp. &7 Pyp Pr
a 3 Y a

ratio jet inlot area to air inlet area at beginning of
mxing sccetion

ratio of Jut gas mass flow to induced air mass flow
rafa o of specific heats
adrabatic effacrency

¥+ (1 +a)k
2 B
(1 + Y1) By

(1«72 &
. PT

o

temporaturc. risc..or fall

density
SUFFLXES
refer to Stations on appropriste dragram

Station at air inlet to mixing chambor
Staticn at jet inlet to mixing chomber
refers to turbine

refors to compresscr

I II IIT and IV refer to statioms in jet cngine (sece Figure L)
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APPENDIX A

Methods of Humidity Control Applicable To Wind Tunnels
with Jet Engine Drives

Three main methods of controlling humidity effects are possible
(a) Increasing the stegnation temperature in the working section
(b) Pre-drying ihe alr

(c) ©Pre-expansion of the air in on ouxiliory nozzle.

1,0 Humidity econtrol by increase of staghuation temperature

Tath tunnels with Jet engine drives the working scotion stagnat%on
temperature would normally be atmospheric tewperature but Lwkasiewig!
has shown that if thas temperature 15 increased an effective humadity
control con be achieved. Figure 23 (from Ref.16) shown the effect of
increasing the stognation temperaturc on the Mach number at which condensa-
tion wall farst cccur for typical conditions in the Bratish Isles.

From this figure it con bo seen that o tobal temperature of 50°C ian
the working section will eliminate oll hunidaity effects ot Mach numbers
up to 1.5. This temperature should not be excessive for most model and

strain gauge techniques.

1.1  Increase ol stagnabion temperature by reoirculation

Partisl recireulation ol the ol gases from the tunnel exhaust
(sec Pig.h) is one of the most convenlent mothods of raising the working
secelon stagnation temperature,

The main oconsiderctions in the use of this method are

(i) The water content of the gosus due to combustion

(i2) The mixing of the recirculating gnses and antoke air.

1.11 Humidity dus to fuel combustion

Using the basic tunnel design of example 1 of Appendix E the waoter
content of the exhaust gases from the tunnel heos been estimated of from
0. 013 to 0.015 1b of Ho0 per 1b of exhoust gas essuming the engine to be
operabting at Moxamum R,P.M, air ot summer temporature bubt dry, and that
the fuel moy be approximated to dodecane (Cqp Hog).

The oorresponding totol tamperatures of the exhaust goses would be
7-800%K.

Recarculation of this gas gives an absolute humidaty of approximntely
0. 0010 to 0.0011 at ~ working scetion totol temperoture of 50°¢ ( nssuning

intake adr perfectly dry).
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If the absolute humidaty of the air 2s assumed to be 0,006 the
corresponding humidity in the working section would be 0,0069 to 0.0071.
The craitical Mach nunber corresponding to the latber value of the absolute
humidity will be 1.46 as compared wath 1.5 given in Figure 23 for the air
heated by a heal exchanger or some other method by which the water content
1s not changed.

To eliminate humrdaity effects at working seetrion Mach numbers about
2.0 the working seotion stagnation tempurature must approach 100°C and
congequently more exhaust gases would need to be recirculoted, 1.e. the water
content in the working section would be increased. Under similar conditions
to the foregoing case the absolute hunazdity in the working section would
be 0,041, however the relasive humdity vould be decreased to about 0.048.
Vithout recirculation valucs would be 0,006 and C. 010 respectively.

Lukatslev\rz.‘g.r,16 states that to a first approximation the relative
hunadity defines the lizch number at which condensation shocks first appeors
vhere as 1ts wntensity is moanly a funotion of the absolutc humidity., The
difference in relative humidaty will decreose the ceritiecal Mach number in
this case by cbout 0.1 aond as long as the shock 18 supressed the high
absolute humidaty will not be signafrcant.

Hence, n general, the hwmadity duc to fuel combustion wall not
add greatly to the effect of atmospheric hunmadity and the selectron of
fuels wrth low hydrogen content does not anpear to be specinlly-nccessary.

1.12 Inlet maxing arrangcments

The arrangements ot the inlet for distrabuting ond mixing the reciru-
loted esar must be carefully considered. The daistributor must have as small
os pressure loss as possgible relative to both the intoke ocir and the
exhaust gas,

As the totel pressurc ond velocity of the return gases wall not be
very different from the intake ocir there will be little 'momentum’ mixang
action 1n excess of normal turbulent mixing.

Consequently the orrangements of the distributor ot the inlet should
be such that the return gas {lowv is dntroduced as wnaformly as poss:.ble
over the whole aren of the inlet thus giving o good matrol mixing of the
two £lows. Further a long 'settlang' chamber should follow so that flow
mixing can be completed ond turbulonec reduced. A large contraction ratio
of 14:1 to 20:4 shouwld follow to minimize turbulence un the working
se¢tion.

1.2 Increasse of stegnabion temperabure by a hest exchanger

4 heat exchanger wath a honey comb layout osn be used af the inlet
to the tunnel to raise the air temperature. The heating fluxd can be erther
from some form of combustion chember (or sbeam plant) or from the astual
tunnel exhaust. (3eec Fagure 5).

The former arrangement allows a heat exchanger to be designed with
the main amphasis on the aerodynomic Feabures of the cold air side as the
heatang side 1s independent of the tunnel and aits internsl efficiency wall
not affect the tunnel working provided 1t functzions correctly. The maan
Teatures to be considered on the intoke side are that the tunnel intake
arr should have a reasonable tempercturce and flow distrivution and that
the pressure loss through the oxchanger should be as smell as possible.
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As the cxochanger must be a cross flow type to obtain uniform heating
1t would be advisable to divide the cxochanger anto two banks in which the
heating flow direction 1g reversed. To moawhtain o good flow distribution
the intnke flow should be through the tubes whach should be of as large
a diometer as possible to reduce the pressure loss.

If the tunnel exhoust gos 1s used for the heating fluid as much
core must be given to the design of the hot side as 1t will also offcect
the tunnel performance.

The exhaust gos mass flow wall usually contain much more available
heat thon 1s reguired by the ineooming alr so on the hot side the proessure
loss through the exchanger will be the msan consideration.

If the pressure difference required to maintain flow through the
hot side of the heat exchangur 1s small hot air dueting samilar to that
used with the reciroulating syctem may Lo used; the cffect on the tunnel
performance being smoll, IT the pressure loos through the heat exchanger
ig appreciable the hot air collector must be token off from near the end
of* the pump mixing chomber thus by passing a large peroentage of the
flow through the punp end diuffuser and thus reduelng the pressurc recovery
of the pump systaa

2 Humidaty control by pre drying

For eontinuous drying of the air by silica gel, or obher chemical
dryers, large quentities vall be required. Also provision must be made
for reactivation of the silico gel aftor a lumited running tame. Wath
the gel arranged on horizonbal beds 10 inches decp end o moximum flow
velocity through the bed ol 10 feect/scc the total pressure loss should
not excoced Q.2 lb/:m2 For o hogh spced subsonio tunnel with as mass
flow about 550 1b/sco (working sootion about 12 £42) the arca of silica
gel beds requuired would be ebout 750 sq.ft.ive. about 23 tous of gel
would be reoulred.

The cost ol thiz large wmunt of gel would probebly be more than
the cost of the rest of the tunncl.

+

3 Hum:dity control by pro expansion

It has been shown!’ that humidity oan bo controlled in Supersonic
tunnels by prelimingry condensat.on by cxpanslon in an auxililary nozzle
proceeding thoe tost seobion nozrzle.

Fagure 24, token from reference 17, shows the total pressure loss

and flow conditions for diffcerent tlucat area ratios of the two nozzles
of a 4" x 4" open circwt supersonic tunnel. In these tests the veloci-
ties before the main nozzle, werce high and there was appreciable ediabatic
cooling =o that re-cvaporation of the condensed wator was suppressed.
The reduction 1n total pressurc before the main nozzle was about 17% of
the atmospheric total pressure for complebe control of humidity cffects.
That 1s an additional pumping pressurc risc of about 2.5 1b/in® would be
needed to operote this form of humidity control.

This prossurce loss would be additional to the normel tunnel pressure
losses and for present types of pumping the mass flow would be quite small
i. e the method of huwmdity control does not permit satisfactory tunnel
desagns of this type.
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Theoretical Determinavion of Induction
Pump Characteristics

1 General Analysis

(3ee paragraph 3 of discussion and reference 7).

1.1 Ihxing chamber characteristics

Assumptions

(a) TFlow 1s compressible,

(b) Mixang 1s complete by station 4 (see Fig. 1).

(c) Ratio of specific heats 1s the same for both gases.
(@) Flow is not frictionless 1n mixing chamber.

(¢) Stacic pressure of the induced air and jet air need not
necessarily bhe equal,

From Conservabticon of Mass

fizh the configuration i1llustrated in Fag.

My 4 Mgo= my (1)

My (1 + f:)) :ml{.

o, v, A (1 +5) = T AlF

Assuming Y and R the same at all sections

- Y-1. 2 Y-1 2
Pa Ma Aa"/)I + ——2—-—-—- Ina Pli- T'Ii+ AL}.\/’l + — f\ﬁ)+
— (1+g) = ; (2)
T 1
\/7 Té rl‘[}_
f'rom Congervation of .nergy
m, Cp £ +m_ Oy Ty =my Cp T
2 Pa. Ta J PJ lj L Ph_ TLL
Assuming Cp the same at all sections
Too + BLn = (14 B)T (3)
ia 13‘ Th
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substituting 1n (2)

T
Y-1. 2 [, Y1 . 2| T
A Iy =41 1 14 ——— M 1
PlF I\F}+ AL&. 1 + 5 @L% ./ +B Pa 1\a Aa o u +B TTa

whence 1
a
Y44
-1 .. 2} 2(¥-1)
P 1 1 ) Ty,
T
LI-___ 1 ( a ______J_
Fr ST+ a i 1"5(%& vi+@
a
LA
Y-1 . 2 j2(Y-1)
(1 +"z""’“z+)
1.€. u
&
Y41
A J; 200 -1
+ 2 Ta
= o 148 =2 | (1 +8)
P 1+ [ . T
T, L Ty
¥ - _2— Y+1
ke N G0
Y -1
Lt
s -
A T,
1 / ]
= —_ 1 1
1 +a Ay (+BTTa)(+B)
_I':&'
&,
Ay
X
N § A
1 +¢a ,Aa
A*

T

where ¥ = [[1 +8 —< | (1 + 8)
Ty
\ a.

Pram Consexrvation of licmentum

2

Ph Al+ (1 + YI\LLF

2. P - ? 2
By A (1#0g) =% = By, 4 (1+m32)-§EL+BlaAa(1+‘rMa )
3

Iy,
- 29 -
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Pa
P, b

(&)

2 2
) = B, A (1 + v, )+ P A (Ve YHT) -4, AP,



'.mz 1 Ty G 1, (e @) Fa
7 gt o (7)) o +Y1\1a).§..._

2 P}+ '
1 0,°) == | °T '
(1+a) (1472 ), ) A a T T,
"
AP
- (1 +a) 'P——f‘-
Ty
j.e.
Plf}-’-_ X
S - (5)
T oy B
a (1+°‘)(|+YMLF)"""
Pp
L
Py P
where X = ['f,—‘l a (1 + Ysz) 1"—.7"3"" (1+7 Ma2) 2
["Ta T g
AP
- (1 + OI) 'i;—f-
Ta

_ J il
@ Py (MJ) + ¢y (Ma) - (1 +a) EIT-
a

where ¢4 (M) = (1 + ¥ 1°) -Pf-
T

hence from equations (lp) and. (5)

Ay
*
I S S 1
(1T +a) Aa (1 + ) (1+Y1\12)'E&‘
N "l PT
a L
E fj*:}’;(“l + Y ,°) i =& %
" - P Y A
b T, 2
%;1
. . e X _A_
952 (MH) ;«f ""'%? . (b)
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A P A P
where ¢, (1)) = ~—£—;-,- (1 + YMLFZ) % As % and % are funclions
A4 PT A ¥ P
L 4 Ty
of Mh and Y alone.

I (1)) 1s a function of M, and Y alone and consequently
from flow tables a curve of ¢, (I,) to 1, may be plotted (see Fag.25)

A
£ ,7 and ﬁj% areg determined from the inlet conditions, Hence
a

for mvwven intake conditions eqn. (b) determines M), and knowing My,
Ah )
glves g and equation (4) gives

Prp

E%r- the required pressure ratio
a,

It must be noted that

P s b A
m, Py Vg Ay
Ay
P A ¥ T
Z PTJ Aa TTa (7)
T | 23 Ty
as*

Hence knowing the jet and induced air Mach numbers the area ratio a
and the total pressure and total temperature ratios of the jet and
induced air, the exit conditions at section (L) and the pressure ratio

Py,
P
Pa

can be determined,

1.2  PFriction loss in mixing chamber

For turbulent flows the shearing stress fg in the boundary layer

can be pui equal to Cp x %va where OCp 18 the slkn fricsion coefficient.

Hence considering an elementary length dL  of the mixing chamber
wall the friction force &f = fg . S wvhere § 18 wetted surface
= {rpv2 Ce®D dL where D 1is diameter of
mixaing chamber

A
= 5 PP T%'dL vhere A 1s the cross
sectional area of the mixang
chamber and A= 4 Cp
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Hence Total frictional force

i
Ff:/ %YH\&Z%dL (8)

Y 2
APp = 3 5 S A 4L

If the dravang jet 1s located coaxially with the mixing chember the flow
condations at the wall at inlet will correspond to those of the induced
air and at outlet wirll be those of station "4",

Hence to a first approximation

e 2 2
TL lr\?\.a Pa il(.\. + ?\.){_ P}+ :le“ J
2,

APp = %

l
>
HJ

. 2. 2
D [ Fa M~ 4 7&1[_ P)+ MLL ]
from practice 1t has been found that I & 4D

2
8P, = ¥ [xa Py 1%+, P, M, ] (9)

2 P, 2

. APp P P
.. — = (1 Y, =2 b,k
(1 +a) B (1 +a) ap— My * N3 2 My,

The values of the friction coefficients A have been given by
Prandtl os
L
il 2.0 log,y (R, . V1) - 0.8 (10)

where Ry  1s the Reynolds number

RN 3 Py M, D g (11)
a [ y R Ta
T 3/2
~f 0 - -
where ua = 1.5 x 10 T 44_8120 (258 1b 't L sec L I, 1n K
&,

and same for Ry, .
b - 32 -



Values of P, M, T, and P, M, T, may be determined approximately
by completing a mixaing analysis in which

APf
(1 +a) Caale 0 when determining X

a

1.e, flow 15 assumed frictionless.

1.3 End diffuser characteristics

Trom continusty

L 5 5
S R A
5 Ph— ra¥ LE
Y-1
Py My 1+ 5 s -
= = = 1
P, ¥ -1,
)+ 1‘_}_ 1 +- 2 I\uh‘ )
as TT = T for no heat addition or loss
T
L 5
hence M
5
¥4
N
B 5 z 2
T+1
1+ 1142 2(v-1)
o L
=
_..T A #*
‘:"P'"é = (13)
Ta vl
£
5
For given wvalues of T and N and % corresponding to My, 1t 1s
A2 b N Ps
possible to obtain TJ% 1.e, H5’ once M5 15 determined P~ can be
b Te
obtained, -
Thus
P P B
T T T F
b kb 2 1s obtained for M, as P. = P
P P P P L > 70
0 5 T5 T5

atmospheric pressure.
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Hence the diffuser characteristic of inlet total head to atmospheric
pressure ratio is obtained for the anlet Mach number.

It 1s also convenient to be able to express the diffuser character-
istic in temms of the "dimensionless" mass flow parameter

at the inlet rather than the Mach number. This parameter 1g obtained as
fellows.

From continuity

™y E P Vi Ay
N A‘,_‘_ Pl;. Ml{_ \/g
VI, K
= ~)"1??
P I=% .7
:Alp Tlp M(1+ 5 Ml«- _ (‘"“gg
f Y-1 . 2\-z
. TTZ*_ (’1 + —5 I‘.’lhi)
1.,
’T
mh’ T}+ _ &‘Y‘ M&_ < 1
AL}- P R Y41 Y+
1 4 Y_;L sz 2071 E ._Y.'_'l 22Y-1 )
1+ ...__.i"i

= _A-LT where G = o (1!;.)
(ﬁ) [1 . Y-1J 2(Y-1)

2

A
as G is a constant and h—l“; a function of Mli_ alone then- values of
1
m, yI1), T,
- —can be cobtained -corresponding te M, and hence to
Ll' ,PO Al{. PT}_“

my, \TT),

may be plotted.
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N.B.

. 2
Y = 1.33 G = 56.0958 (Pp 1n 1b/an")
Y = 1,40 ¢ = 57.105 (Pp in 1bv/1n?)
Pp..
In the foregoing 1i{ has been assumed that ET‘D' 18 known - for isentropic
By, Toy
flow P—-5- = 1 but where the diffusion efficiency 1s not 1000 1t may be
T
N

determined as follows, assuming an adiabatic cfficiency m .

P T "
cog2=[(t=m) e 5)7_1
4 3 /|

Y

14 g A T
2 L
= (1'71)+T1——-m—.—0-)
1+—"§"-:M§

as T, =T for no heat added or lost. Also 1f M, — O
T}_i, T5 5

P =T
2 - - Tt 2
$= = (1 n)+'n(‘i+ = Ml;-)

A
] L
Y-
= [1 + I;— (ym MLJ2

and as Mg —> 0 Pg—> PT5

y
F B ¥
. T _ 2
R PR e Y M,):,
J.l‘— R = ~+
y
_ I
Py 1 Il @ =Y
5 5
5= = IR (15)
X -1
L __1 + o M, )

winch_can be.debermined for values of I\'IL‘_ and \/n_ M‘,+ from-flow-tables,
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An alternative analysis only applicable to isentropaic flow can be

develoned as follows,

From equation (12) substituting

and

—rl

=
-
+
=
\n
A%
e

hence

"

where _
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E
thus for M, and -+ » _2 1s obtained this being the form of the

theqretical diffuser results presented 1n Refercnce 9 (sec Fig.16 of
that report.)

1.4  Ingector pump characteriztic

Prp
From sectaion 1.1 ?rﬁi 18 obtaincd in temms of $ and also Ma
Td
L PT .
and M4 for given values of —d s ﬁ-i and «.
TT Ta
e
Py
From section 1.3 ETE 1s obtained in terms of ML hence the total
o

pressure risc can be obtained in temms of P for

- B P
6By By -Fr, o Fn
i P, P :
Fo, [ Fo,
=1-3 [ 5 (19
o B )

each term of which 1s known for values of Mh_(l.e. B) for the given

Pp Ty
values of E—l Erj- and o .
T, T,
2 Harthorne and Cohens'! analysis

In an earlier analysis by Hawthorne  and Cohenb the static pressures
P. and P, were assumed to be the mame - that 1z the Jjet was assumed to
be completely expanded.

Pp.
This assumption autamatically fixes the ratio E;“l for given jet
T
a
and i1nduced air Mach numbers, giving a particular solution of the fore-
going general analysis.

Hawthornes and Cohens report give charts for the compubation of
pressure changes based on non~dimensional parameters B and C and My .

For the arrangements of Faig.41, the parametcrs B and C are
given by

1 Ty

C = (1t +8) |1 +8 —4
1 4+ N

Ta
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2 T
s AT g Ty
144 a +a ] Ta
whore
v ™ o
_Qz_l_JJ’—T__a.zEEg
v& }a Ta o Ta
and -
g <
B:ai—a?.a.
by Ty

the flow throughout the mixing length is assumed frictionless and mixing
1s assumed complete.

i

The end diffuser characteristics were the same as those taken for
the General Analysis.

3 Rolls Royece analysis

Rolls Royce Ltd8 have presented on analysis in the form of a
generalized mixing chamber choracteristic (see Fig,26) based on a flow

parameter and, 2 pressure perametor which are equal when there are no
pressurs or friction losscs.

These parameters include terms thet allow for the pressure rise in

the diffuser exhausting the flow 4o atmosphere, In the present notatlion
lhese parameters are

Flow Parameter

T BRY T
B 418 L Ay
el . T - 1 LY e i (1 +8) 1+BEJ
a > a

Pressure Drop Parameter

Cp _p l, ~ .
e T

J1+___._E MorLid s g

b Bg =P ] &

a a

Initially it was not clear on what assumptions the analysis was
bhased or what was the character of these porameters so the analysis was
repeated; for completeness zt is included as follows. After some investi-
gation it became evident that the parameters were based on incompressible
flow i,e. the temperature equivalent of velocity wras neglectsd and that,
at the inlet to the mixing chamber, the driving jot and induced air static
pressure were assumed the same.
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MIXING SECTION

Consider first the mixing section,

From conservation of mass

m o+ m,=m
a dJ

N
vhehce
PV _1+8
Pa Va 1 +q

From conservation of' encrgy

m, Co T +m, Cp T =m, Cp T
a PaTa 3 Pj ’lj L PL,. Tz{‘

assuming specific hsats are the same

T

1+B:E-s1

T, o,
T 1 +8

Fran consgervation of momentum

2 2
L), (B +py v,7) = Ay (By + P, vy7) + A Py + py vy

) 2 _ Ay As
ce Bure, -EL:Pa“’ﬁPa‘*

Assuming P, = P,

a a
where N o
A, p, Vs
_ a,
B = T+ KJ'—J'_'JE
L l’rpg_va
1 Y3
:1+O!__1+Bva]

Fl&
el
w
o~
+
k:
s}
o

(20)

(21)

%)

(22)

(23)



It 25 to be nebed that this pareameber B 13 the same as Hawbhornes and
Cchena for assuming ingompressible Tlow

£, VJ A

g = e
P Va By
) va X pJ

with incampressible flow, the temperature eguivalent of velocity ncglected.

. T
. Pa, P (2n)
PJ TT&'
thus
Vs 8 TT .
R (25)
Vo o Tp

Hence from egn. (22)

P
Py - P.
Ta 5

A

-PEL pa V&CB - p}_’r V}+2
- 2

Prom (23)
» 2
TT;+ pL_VA_
=2 3o | 5
a p——
{ran (20) - : 5
= B__T.i_*. 1+ P
TTa 1 4+ @
Tran (21)
T,
=218 e (1 +p)
(1 + a)- TT
a



from (23)

2 Tm.
= 2 3 L i +-E— TJ - !
ta & TTa (1 +q)?
2 Tp T
- 2 1+?_2.E_J..E_E¥_J1
(1+a,) o Ta @ a Tn
T
2] P,
- 2“2 {E-1 {3—1-1
(1 +a)s L@ « Tp

DIFFUSER SECTION

As flow 1s incarpressible from continuity

e
1
T
<t <
L Ik""
—T
il
-t

but

—
]
o
< |3
\r}
\--.__-{)
1
[
K=}
Ea ¥
<
-F-I\J
1
%}
<
T
™
e

Assuming PT5 = PT&- 1.e. diffusion is esentropic

P5 - P4
Pn =P
Ty L

but P5 = P, almospheric pressure.

-4 -
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COMBINED MIXING SECTION AND EXTT DIFFUSEE

Static pressure risc dif o

mix.Lig secticon aPm P, -P
i

Static pressure risec due to

ex1t daffuser APO = PO - Pbr

. Combined stalic pressure rise = APm + AP,
Combined stabtlc pressure rise Po = %y
. Inlct dynamic head - PTa. - P,
a PO - PTa.
= T 4

Py, -2,
but Carbained statac pressurc rise Py - Py N Po - By
Inlet dynomic head T Pp - P Py - P.
T, a T, a
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hence

- P P -7 P -PF

P T

{14_?0“_99. o h a , .o I (28)
Ty a

substitute eqns.(26) and (27)

but
2
L“%a_aL =1+ 3 {_ +a}
hence

T 2 T
. (B B 1. R N T
= (oc 1> (-(-x- TT1 1)+2a {1 (K_%") }{1+BT—T-§ 1+ 8

which 1s the formn of the pressure and flow parameters presented by Rolls
Royce.

If the effect of the exat diffuser 13 not considered these para-
meters may be written in the form

P, - Py
{1+i————§2} ﬂ+1§<l+oc>
PTa- a, (14

whence

(29)



This gives then for any values of' ¢« . My, M and

value of et as
Py
a T
Lf_ga‘

on the basis of incampressible Ilow

1,€.
Ten
[
BoE [ T
L4 r
21 I“‘& ET

To obtawin
from eqn, (20)

PL¥y 1 4p
P 1 va T+
substitute
Trp P
—T—%-:."p-zL and U.:\/YB.TT
Ti-, 2
where

but Trom eqn. (21)

"M%—"

N, the Mach number at the end of the mixing section,






APFENDIX C

Suction Pump Characteristics

1 Suction pump characteristics ot normal engine maximum R.P.M,

Assumptions
(2) Final nozzle and turbine inlet guide vanes choked,

(b) The campressor work input is a function of R.P.M. alone.

{e) Compressor polytropic efficiency 7o = 804.
(d) Turbine polytropic efficiency ny = 904.

(e)  Merimm temperature = Case (1) 1150°% GCase (2) 1250% .

i
Tr1r

T
(f) Compressien ratic ( II) 5, 10, eto.

FTI
Proy
From the sssumed campression ratio _P'E“ and the inlet conditions
I
PTI and ETI s the compressor temperature rise 6, 1is determined from

(- Yt '
Pp_ \—sx

o = o || 2ETT 4
¢ ILTI/

As the turbine work eqguals the ccmpressor work done

Mmrry ¥4 €4 = Mpip Ko Og , {(Mppp = Maiyp + 1)

hence the turbine temperature drop 64 is given by

Sc
0 = T
t ky £
L ky
ke Moo ol 1.135
C
agsuming
5]
= S L. = 0,015
1,135 x 1.015 My 4y
Hence
= T -0 where T = 11 OOK or 1250%%) .
Ty Ty F Tr1 0K (or 1250°K)

..b_5.-



Hence

Froy  Propr Prpp

Fry Proyr - Prpg Fpy

i1

%
e T=1) P
(P Ty )nt Py I

T Fror  Frg
Prp
where Tp is known from assumptions
I
Frreg . .
1%;~— = 0,% say,to allow for pressure drop in combustion chamber,
Iz

P
Hence assuming a series of values of the ratio X (i.€. of ram
PT PO
pressure ratios less than one)thence -—LL can be determined.

Po
If & normal jet pipe is fitted the mass flow/unit area of jet pipe

P
can be determined from figure 28 (reference 18)provided Piv exceeds the

m.
choking value {approximately 1.85) end hence K% can be plotted ageinst
Jd

If an end daffuser i1s fitted instead of the normal jet pipe the
guide vane nozzles and inlet to the daffuser (equivalent to the jet pipe

Py
nozzle) will remain choked for much lower values of 5o In section 1.3
0
. . i . Py . .
of Appendix B, it has been shown how the ratio -ﬁg- varies with
o
nry /My . mv /Ty ,
T P and the choking value of ———== can be determined, thus
v Ty Aty Proy
it is also possible to plot B to y— for an engine used as a suction
o Iv

pump but fitted with an end diffuser instead of the normal jet pipe,

2 Suction pump characteristics at part load

2.1 Determination of engine ccmpcnent characteristics

As the engine component characteristics were not available, these
were estimated from the manufacturers Perfoarmance Data Sheets as follows,
The engine taken (as before) was a R.R. Nene IT.
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The assumed coustant pelytropicefficiencies were

Compressor 80/
Turbine SQ@
Jet Pipe 9%

Turbine Nozzle 90k

2 11 Detenmination of jet pipe characteristics

Stalic test bed conditions were used (1.¢. rem pressure ratio = 1.0)
the perfomonce daota gheets give the mase flow (m ) the jet pipe tompera=
ture (Tp ) the gross thrust (FG) and the S.F.C. are obtained from
RhP,M(NSJ and inlet counditions.

From thrust relationshap
Ms V
Te = _J.é._l + &, (Py-Py)

1 nozzle 1is not choled then P, = P hence

J 0?

hence

2gd

i found corrcsponding to N, PTI and TT{‘

The fuel flow (£) 1s obtained from

5. 0.0, X T

-

3600
and m__ . =m, - f hence f 15 dctermuned and the total enthalpy
a1r Jd ir
(Ep.) 13 found Trom cnthaply tebles for values of —if-—.. Hence
J 2 Mg sy
v

Hy = Hn ~ —l- and T. ocan be found from tables corresponding to H,.
B J 3

I
Trp
lienoe 7§J. 15 Tound ond the totel pressure of the jet may be oblained

J
s
P T ¥ -
1= |7t
J J

The estimated part load charscteristics of the jet pipe of a 5000 1b
thrust cngine arc snown in Fig.22 for T, = 2889k and P, = 14.7 1b/an<,

from

It 28 also of 1nterest to determine the conditions at the inlet to

the jJet pipe, 1.c. followvang the turbine. Here TTIV = TTJ and PJ =P



and if the jet jnpe efficiency is N op, = 90%, then

¥ ¥
o B T T \ TN
v Ty ) e, O [Ty p, (T
T, T

o J 2
P mry [T
T
and IV can be slotted against AV as figure 17.
o Aty Prpy

If the thrusi relation 1s not given vy can be obtained from

vy = J2gJ kp (TTJ - Tj)

From continuity

ioh
= A = 4 i
" NI S B RT, b
hence
Ty Vel ko (PTJ)
fre R
PLJ AJ PJ
vhere
T.
£ l—dd] o —12 SR
ERA fer A\
X A Y
=@
;) 5
P, my [
hence ¢;1 con be plotted for values of ————l and substatuting the
J.a PT‘ Aa
J
P ms T.
choking valug of ._EJ a constant value for ifl__jgl 18 obtained.
2. A
J Ty “a

Beeton' O has given in figure 28 a more accurate method of detemmining
the chokang characteristics of a jet pipe based on the enthalpy of the
gases,

2.12 Determination of compressor characteristic

The baswis for the determination of the compressor characteriztic was
the seclection of the comoressor temperature raise such that the corres—
ponding pressure rise should be equal to the pressure drop through the
combustion chamber, turbine and jet pipe, i.e.

7. P P P
Pop M Pmr T

B P P B
Ty T "Tyy T
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but

u nCY
- 6 \Y=
Tt T
P
Trp 1
= a constant say
11T
Y
T 6 -
x| G LA
B T
T1v T1y
iy P
T T
w2 s = as Py =R
Tr 0
PIy
under test bed condations and 1s obteined from paragraph 2.11.
Henee ©
Y-t
T1y ﬂéf
- . 1
eC:TT J‘O '1 - C ntnc_1
AN Teno . 1 .1 6 L )
7y 110 ety
L P, —
in which for a gaven R.2.M. and Ty, -_JEE, T s are known, hencc
1" P V" mayp

0, is found for the R.2 M. and also the corresponding value of 6; and

in general, 6, is a function of R.P.M. alone, hence this determination
should apply for all conditions of opcratiom.

2,13 Determination of turbine, and combined turbine-jet pipe
characterislics

At any gaven R.2 M. 18 determined

TTIII

T = T =T T = T
tror 2 oyt % T Ty v % [TIV T;

and hence 1% 1s possible to plot

B P Pr
t . against —IIL ana ~ZL  (see figure 16)

TT i PT PO

ITT Iv

as
Y

D —_—

Tyt 5 -

Pl.EJ. = (I + E‘i-) nt(Y Q) in pare. 2.12

T1v Trv

_}_‘_9-



Prry

o
the turbine guide vane ring was not given it was determined from the

T
M (a_lter_

Arrr Prgrr

and

is obtained from para. 2.11, As the area of the nozzle in

choking value of the dimensionless {low parameter

natively figure?28 could have been used),

Hence Ayyr was determined for each R,P.M. and as it was evident
from the manufacturers Data sheets that the nozzle was choked at each
R.P.M, the mean value gave a reasonable estimate for AjyrT.

2,14 Determination of turbine-jet pipe-diffuser characteristic

As the amnnulus area was not known it was more convenient for the
purpose of calculation tc assume that the diffussr started from the final
nozzle of the jet pipe, i.e, the area Ay at the inlet to the diffuser
= A3 the area of the Jjet nozzle.

From para. 1.3 of Appendix B it has been shown how the diffuser

T B
m T T
mass flow parameter ~£!3£—~£E can be determined 1in terms of IV v
Axy PTIV Py
B
As 1n section 2.13 1t iz desiredto-plot b against Plrr and.
Tri1 v
Porrr . . .
-":Pro— and in faect the first curve will be the same es the turbine. charac-

teristic is unaltered.

Pr Pp Py Pp
To obtain 1L . I | IV the value of PIV corresponding
Po P v P o
Pr 8 P
to & given value of _ZIIT i.e, EF'E“' mzst be obtained. But glv is
Bry than °
given in terms of _mpy /Ty but
Aty Proy

oy VTP Pppo/Trryr Annn o [ U
Ay Fapy  Arr Prppp AW Frpy oy Tropg

T B
i} mprry/Porrr A Poppn P
Arpr Prppr Ay Prpy TPrrr

/T

m T

E;l;-—ﬁrlll is constant.
11T “Try1

As the turbine nozzles are choked Hence for &

L v IV is determined and hence PIV .

b
Ty Ay Frpy o

given value of

- F0 -



Oy P
Henoe o—=— may be plotted against -—5== (see fagure 16). N.B, Ajyrj
TrrT Fo

ig determined in para. 2,13 and Ayy is given in Data sheets.

2.2 Determination of pump characteristaics

From the assumed inlet conditaons (Tpy and PTI) and the engine
R.P,M. (N),6; is determined frem para.2.12, (1.c. figurc 15) and hence

n.Y
Prp V=S
i (4 A T
TI \ TI
Prryy

thus the walue of 5 is obtained ag P and P, arc known, (i.c.

PTIII

—=== = 0,5 say. As in para.! 6; can be obtained and using
Frop ¢

Pr 6
_AIT a value of t

Fo Trrn

the above valug of can be obtained from the

curve of para.2,13 if a normal jet pipe is used or para,2.1k if an end
diffuser is used,

Thus Torop RV be determined and also TTIV also the ratio
D may be determined for the known value of w——— ,
° Trir
PT \ TT
With this value of —L the value of -V ' IV 1oy be determined

Po Arv PI'IV
frem the appropriate curve of para,.2,12 or para,2.1L, And thus mpy  can

B Pp P
be obtained correspending to ——1‘—@— 1.€ et X gach value of oI
sp g Po s e PO b '"F(;-

AP

corresponding to a value T L x 14,7 . And thus ihe pump charactsristic
C

AP
1—3—2 14,7 to mass flow (m) ie obtained for the assumed inlet condrtions
o

and R.P.M. (N).

-5 -






>

APPENDIX D

Thecoretical Determination of Induction and Suction
Parallel Pumping Characterastics

1 Flow around engine

The total drag betwsen the end stations of the engine section
wrll consist of three parts--

(a) Drag of Engine Nacelle,
(b) Drag of Struts supporting the engine.
(c) Drag due to tunnel wall frictaon.

The drag of a Metcor nacelle is given in reference 19 as

1
Dhacerze = 0.05 7 p V2 a2

where d is the diamcter in feet {d approximately cguals 4 ft). It

is stated that the result is only from low spced tests {as are consadercd
here) and it 15 in reasconably pgocd apreement with wind fumel tests on
similar nacelles,

Ne extra allowonce need be made for "additive" intake drag as the
drag 1s not being comparced with the engine thrust, but purcly to obtain
the pressure difference requared to maintein flow between the two stations.

The drag of the struts may be taken as

Dytruts = Op.% pV2 € L
where Cp = 0,086
£ = width of atrut
L = length of strut, i.ec.
Dgtruts = 0.086 % p v2 Le
where Ap = frontal projgected arca of struts.

The drag due to tunnel wall friction can be obtained in the ssme
manner as for the mixing chamber in the ainjector pump case. Hence
considering the total drag over a small length dL  of the chanmel
annulus if a eircular tunnel with a single coaxial engine is assumed.
Then

A e
Dna.celle = CDnacel]_e 2P VZ a
CDn 2
o o 8.0 _d_
= HTP M 120 (4V 45
D = C T p Ve oA
atruts - Dstruts 2 p T



il

1
ADwa1l friction Cr%pVe xD AL

Yyp e

Lo @
D

Hence

DDgrmulus = ODpacelle + 8Dstruts * 8Dwall friction

. Ivp 12 4CDnae (

= d Af
e o« BDapnytus = - -5) + CDstI'ut e 5 Az

\2 (Af) , MosdL

Le 2 Ag L
A3 '—%&a“q’(%) + CDggrut (Ig) + 4 Cp D

+ + Dannulus

i

L
x/’ %YPMZdL

o

i

43 K J]:YPQ Mo + ¥ Py MaZ:l

to a first approximation if the drag cosfficients are assumed independent
of P and M where

X = “Dag (_@)2 +CDstI‘ut Af sCp .
- x D 4 Aj D

From conservation of momentum

ha Po (1 +YMy2) = 4y Py (1 +YMp2) = D,

1]

. A
J. Pp 4 YPo Mp2 - B, - TPy Ma2 ~A—iKEfP2 2 + VP M2 |

P5 L’l + Y2 ~ (1+a) ICﬂvIzz_J P, E +YMa2 + (1+a) Kma2:[

H]

Ps [1 + '£T+ (1+a) KY} Mazj
* Py, D * {Y- (14a) K'Y}M22] .

From conservation of mass

i

po V2 Pa Va

ag the area is constant, hence

P Mp Py Mg

Voo VTa
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L1l

butb

and 4
[ Y1 2
\Ea =\ Ty, (1 e Maz)

with no heat additiom or loss

(]

/ 1
B % - o
Py My (1 +Y___.21 M22> Pa My k*: N T_......21 M32>2

=

Com (1Y)

) Y-1. 2\z
a Yo ('I +—élM2 )2

Hence .
! -3
‘ T+ {Y + (1) K“\"}Maz } Mg U +%Ma2)
1+ {r- (+a) XY 112 V1 2)%
e M2 (1 + ---2--- M2
i.e. i
1 4 &y M2 _ j" + & 1p2)
¥ L y=1 .. 2Y%
- z -
Ma(”"‘z‘“Mf) i (14 5t
where éa. = T+ (1:c) KY

Ez Y - (1+C€) XY.

I

Hence &, and Zp can be determined for a given configuration and
Tor given values of My the corresponding value of My, may be deter-
rined (see figure 20).

P2 Pa ana P2 nence

¥nowing Mo and M ==, 2
< 27 T, * Pr, Py

Fe
L B
Pa P2

is found (see Tigure 20),



Thus knowing Pp 5 from tumnel charecteristics PTa czn be determined
for the value of Mp assumed, i.e. M, assumed.

2 Suction pump characteristics

From para.! for assumed values of M, and PTZ the corresponding
values of Pp, end My oan be found, hence Py .

Pry  Ppp
The equivalent ram pressure ratio for the engine o T B
o a

assiming PT2 = PTI also TT2 = TTI .

Hence for a given R.P.M.(N) TTJ and mj can be determined from
the Manufacturers Data Sheets and also P‘I.‘j frem figure 28 assuming
mo
choking conditions, Thus the value of £ = m_.a corresponding to an

(=N
assumed value of m, can be obtained,

3 Induction pump characterigtics
P
For the given value of my, the corresponding values of § , f’-ff"l s
a
T,
-T—T—a- and « arec known, hence from the induction pump characteristic

a APy
charts (figs.11~13)

X 14,7 can be obtained, The total pressure

recovery APp must be decreased by a factor of 0.10 ].‘b/in2 to allow
for friction loss in the mixing chamber, (Alternatively APr may be
obtained directly as in Appendix B,) Hemce Pp.' (=P, - AF) is deter-
mined and can be plotted against m, also Pp, can be plotted against
m, and, hence the value of mp found for which PT;. = PTa'

Frem the corresponding valuc of B , mp may be determined and
hence the combined pump flow characteristic is obtained for PTa’TTa

and the engine R.P.M. (see figure 21).
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LPPENDIX E

Scme Examples of Basic Tunnel Designs

The following exemples are intended to indicate how possible
wind tunnel configurations can be quickly determined by the use of the
generalized pump characteristic curves of the various methods of drive
and the wind tunnel characteristics. ' -

Once the basic configuration has been established by these methods
a. detailed check of the design can be made by developing the actual pump
characteristic directly frcom the appropriate analysis and also the actual
tunel characteristics,

Hence the tunnel performance under engine part load conditions is
also determined. An outline example of this procedure is also given.

Example 1

For a proposzd induction type cupersonic wind tunncl, waith a
working sccetion of 1 sq 1't, Mach numbers between 1.2 and 1.8 are
desared. The tunnel is to be of conventional configuration with
atmospheric antake. If the ingector drive is by Rolls-Roycc Nene II
engines, how many cngincs and whot injector configuraticn will be
required?

(a)  Engine performance

As the design basis 1s to establish the minimum number of
engines under which the desired tunnel performence can be achisved
only maximum eéngine performance need be considered,

From Rolls~Royce Data Sheets for a Nene II at the maximum R.P.M.
= 12,200 and T, = 288%

ms = 85.3 1b/see
Tp, = 956K

Ay = 1.7 182

From figure 28 for a choking nozzle at Ty = 683°% , then

A'PT.
J : Jd = 79.2
mj
i.e,
Pp, = 27.57 1b/in ,

(b}  Working section characteristics

From figure 23 a working section total temperature of about 125%C
would be needed to satisfactorily eliminate humidaty effects in this Mach
number renge, but such high temperstures would be unsuitable from general
operational considerations,
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If it is possible to obtain partially dried air some recirculation
may be possibie %o suppress the remaining effects of humidity. For the
present example a working section total temperature of 60°C 1s assumed
for the sake of compariscn with the pumping characteristics of other
tunnel types,

Using this value the mass flow for {1 sq ft section can be computed
as follows

M w/s My (1b/sec) APp
1.2 45,6 4ot
1.4 42,0 4,55
1,6 374 5.35
1.8 32,6 6,30

The pressure loss through the tunnel is ftaken from curve t, figure ¥

(¢} Matching table

T
In all cases h] =2,9 » 3,0

TTB.

. . Pry

My /s 8/for one engine B/for two engines Pr, B

a
1.2 1.87 3.7 10,6 2.60
1ods 2,03 4.06 10,15 2.72
146 2,285 bo57 935 2.95
1.8 2.62 5.2}-{- 801‘- 3029

(d) Ingector characteristics

A
rom an inspection of the curves of figure 13 of PPT X 14,7 top
o

Pr, Tr 5 A
for ol %3 which is an upper value and —T—T——- =3 it is apparent that
Ta o

only a jet to induction area ratio {a) of 0.5 will give the order of
pressure rise required.

A
Assume =2 and talang first B correspondang to one engine then

from Figure {1-13

Py \ P, Pp
B APp (—P~T§ = 3.0) APp (Piz = 2.5) AP (_PT_E = 2.0)

1.87 5.64 4,83 3.77
2-03 5‘70 }-1-188 3081
2.285 5.71 ket 96 | 5487
2.62 5.87 5.02 3493
: . Pr;
From this table AP has been plotted against ﬁT_Q for the consgtant
a
values of B henee the values of Pp could be obtained for the values of
Ty
o in section (o), i.e. corresponding to each B  hence
Ty,



ix

M/ B/one engine APp (injector APp (tunnel

characteristic) characteristic)
1.2 1.87 5,00 Lo
1.4 2,03 5.27 4 55
1.6 2,285 5.70 535
1.8 2,62 6,30 6.30

Hence a workaing section of 1 sg £t at Mach numbers of 1.2 to 1,8
can be obtained with a single Nene II engine with an injector area ratio
¢ = 0.5 assuming no losses in the mixing chamxber,

Exeample IT

Wnat size working section cean be obtained in a high speed tunnel
which has an injector drave by three Rolls-Royce Nene II engines?

T .
Temperature ratio EEQ = 3,0 end area ratio o = 0,10 or 0,15,
Ty

(2) Engine characteristics

Ag in previous ecxample.

(b) Working section characteristics

From curve 5 of figure 8 taking My/s = 1.0 as maximum condition,

then
APp = 1.6 1b/in®
and
/W/'-" Va/s TTW/S
I = ~- p.:; o
2 .Aw/s N o Tr,
= AW/S X "-F?-']
and
Prp
"""_‘1 = 2.1 «
Pry

(e) Ingector characteristics

From figures 11-13 for AP = 1,6, @ = 0,10 and

BI"

-4 = 3,0 B = 0.235
Pry,

PT'

—d = 2, -

B, 5 B 0,310
Py

-t = 2,0 = 1,06
B, B= 1,060



g

T .
Plotting —~3 to5 0 hence for

241 ) B = 0074 s and
PT&

FlF

/s T AT T Rata

As
for AP = 1.6 and a = 0,15 and += =4

Ay
Fp
4 - 3.0 = 0,300
B, 3 B 3
2-5 = 0.300
2'0 = 0024-1
Again plotting, and B = 0.385 for
o
Py,
’ o 853 2
R/ T T Bl T
Hence for three engines and
@ = 0,10  hy/g = 245 %3 = T7.35 £t
0,15 hy/s = T4 X3 = k2 £t

without losses in the mixing chamber.

Examgle 3

Determine the engine setiings at various working section Mach numbers
for a high speed subsonic induction tunnel with a working section area of
4 £+% with humidity control by recirculation and a Nene IT engine drive,
Aero ratio a = 0,15,

The jet characteristics below choking at varicus R.P.M. were deter-
mined as in Appendix C for the engine used,curves similar to figure 27
being cbtained.

From the tunnel characteristics Pr, and My can be determined

corresponding to the working section Mach nurber and taking given values
of these two parameters the corresponding values of Pr, for different

engine settings can be computed as in Appendix B allowance being made for
friction logs in the mixing chamber as 1ts geometry is known. Hence the
engine R.P.M. can be detemined at whach the value of PTa regquired by

the tunnel characteraistic is the same a< the pump characteristic. Such a
desagn is illustrated un figure 29,
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Example &

What size working section can be obtained at M = 1,2 assuming

T
induction pumping with « = 0.50 Tw/s = 60°C and a single Nene II drive
at maxamum R.P.M.?

(a} Engane characteristics

As for Example 1.

(b)  Working section characteristics

From curve 1 of figure 8 at M = 1,2

AP
—I x 147 = 3.51b/1n?
Fo
with
— 0 —
Tr,, = 60° amd My = 1.2
m, = 45.6 Ib/sec per sq ft,

(c) Injector characteristics

From curves for a = 0,50 and Ej': L in figures 11-13, the values
L

AP AF
of B correcsponding to ﬁﬁg-x 14.7 = 3.6 1b/in® are (N.B. 332 X 14,7 18
o o

increased by 0.1 to allow for friction loss in mixing chamber) are,

Prp .
—J = 2.0 2.5 3.0
Fp

&

8 1.47 0.883% 1.018

27.57 1b/in®.

From (a) Pp,
J

Pr,
From (b) Pp = 11,2 1h/1n2, L. ﬁ?ﬂ' = 2.46, and by interpolation
a Ta
the corresponding valuc of B is 0.89.
Hence
m
= — = —-LB '3
T/ s B 0.89
= 95.7 1b/sec.
i.e
2
A - Ms o1t
w/'e 145.6
say 2 ftz.

- 60 -
K¥£.2078.CF107.83, Printed wn Gregt Britain,






FRGM

FROM TUNNEL

WORKING _SECTION DIFFUSER ®

s e

p———
—_
g it o
e s
e

MIXING CHAMBER

|EﬁD DIFFUSER
1

ATMOSPHERE D0 D@ \ 0,
@ T
EXTENDED ‘ LENGTH OF
ENGINE JET PIPE -
© ®

FROM
——
TUNNEL
WORKING SECT|ON
DIFFUSER, .
|

FROM
TUNNEL

WORKING SECTION
DIFFUSER.

FIG.3 INDUCTION AND SUCTION PUMPING IN PARALLEL
SCHEMATIC LAYOUT OF JET ENGINE PUMPING SYSTEMS

FIG.1.2.& 3

FIG. |

TUNNEL TRANSITION _J,

JET INDUCTION PUMP

P

——
—— ]

4

/—_\
, / Q ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
—0® ® ® O
\ @ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘ .
® ENGINE @ MIXING CHAMBER @ END DIFFUSER

-

TG ATMOSPHERE
=

I'Po

STATIONS AT INLET TO
MIXING CHAMBER.

T ATMOSPHERE

e

Py*P,

Ao A;

(3) STN.'J REFERS TO JET CONDITIONS.
STN. "Q"REFERS TO AIR ANNULUS CONDITIONS.
AREA RATIO o€ = Aj/p .

STATIONS WITHIN ENGINE,

STN.I AT INLET TO COMPRESSOR.

STN.IL AT OUTLET FROM COMPRESSOR,

STN.IIL AT OUTLET FROM COMBUSTION
CHAMBER.

STN.IT AT OUTLET FROM TURBINE
ANNULUS,

TO ATMOSPHERE
—eeee—f—
Pg* P,

@
'€82°1 'SOI4



F1GS. 4.5.687

ROM ATMDSPHERE

[
vl E MIXIN r:c CTIONWORK |wo KING SECTION DIFFUSER.
<§lsmwm.|'““" XING LENGTH [ONTRACTIONWORKING RKING F

3 SETTLING SECTION,

ECTION,

FIG.4 WIND TUNNEL WITH PARTIAL HOT AIR
RECIRCULATION FOR HUMIDITY CONTROL

(

b b4

FROM AIR

EEERERR

b

7 |

To AIR.

FROM PUMP.

TO PUMP,

FIG.S WIND TUNNEL WITH HEAT EXCHANGER AT INLET

LSS A VI TIIT SIS TIITS.

SITTATLT TSI - S ITTIIS

—=-TO PUMP.

| |
© ®

FIG.6 WIND TUNNEL WITH SILICA GEL DRYER

N\

(1

___r._.-

PRELIMINARY
NOZZLE

HONEY
coMB

CONDENSATION
SECTION

T0
PUMP

TUNNEL
NOZZLE

® A

FIG.7 SUPERSONIC TUNNEL WITH AUXILARY CONDENSATION
NOZZLE

FIGS.4.5.6e7 HUMIDITY CONTROL ARRANGEMENT FOR WIND
TUNNELS WITH JET ENGINE PUMPING SYSTEMS.



LD
2
/)
ol  (© curRvE DUE To CROCCO REF. I. //
NORMAL SHOCK WITHOUT DIFFUSER THROAT. / o
(® CURVE DUE TO EGGINK REF. 2.
NORMAL SHOCK WITHOUT DIFFUSER THROAT.
ol (@ CURVE DUE TO EGGINK REF.2. [ 4

NORMAL SHOCK WITH FiXE€D DIFFUSER THROAT. / /
@ IDEAL’ MULT)~SHOCK DIFFUSER REF 3. /

(8) OPEN CIRCUIT SUBSONIC TUNNEL,

e / }
a8 !
n 'z
_5__)3" / l‘ /
5 §§ //// / @
0w
4§§ /é / //
; 1A =
~
/
. 1
e j
¢ /
A
| /
A
S ke T e T e 6 I8 26 B  BF &6 E§ 50

MACH NUMBER (M)

FIG.8. PRESSURE LOSS TO WORKING SECTION MACH
NUMBER CHARACTERISTICS OF VARIOUS CLOSED
JET WIND TUNNELS.



I-28

P’J/P 33-0.\
|20 ]
/ P"J/ & GENERAL ANALYSIS.
- Py, = 2°5.
/
"|5 _-——_/-—"—'
d ’/
’_
- P
} TJ/PT:L= g0 ./
o o e T I N N
-1 -\ “NRoLLs-Rovce ANALYSIS (Py = Po)
-1
7 HAWTHORNE & COHEN ANALYSIS (P; = Pg)
//_/
os 7L
/
i/
//
II
o i 1 ]
o 1 2 +3 9

o (0.
FIG.9. COMPARISON OF ESTIMATED PRESSURE RECOVERY RATIOS TO MASS
FLOW RATIO FROM VARIOUS INDUCTION SYSTEM ANALYSES.

Tr
(o< 00  /Tra =30 IN ALL cAsEs)

‘69l



FIG.IO.

Mg

= ATMOSPHERIC PRESSURE

Pg 2Po

|
|
AS

w
-
[V

Nl [ O..t de FSIY UNSSINd IILVLS

]

v

..4:4

Al%/“

°

a3

[#)

° o

n "

/ ¥

|

|

]

|

|

|

1

¥ = o @ ® ¥ 9 0 o ~
aaznlhhll. -

MACH NUMBER.

FIG.IO. END DIFFUSER CHARACTERISTICS.



ol

_-—-_'—-
. ‘—_—___———/—_
" —t e —
e ——
"// ————— """
e ’—-—'#
—-’“-
300} -
- — ca——— [ FT. %
%2015
200
P e G0
‘ [~-]
ﬂ&-x 14y
L]
[oine ]
oo
——— 60
f‘. o
2
050
o + §
/ / /
Pn*2:0,Y,730, K10
[ A L
5 1
1
| |
1
-1
L] LU K20 o3 40 o508 60 670 LN ] ©-30 ro0 uip 12e 130 40 150 6o Tre Toe v o
ne ",

FIGI PRESSURE RISE TO MASS FLOW RATIO FOR INDUCTION PUMPS.
‘ PU/pr, *2°0 /g, *3-0 & =-05, 10,5, 20, & ‘50



i | ——
_-—-—-_-_::"_'-——--—,_____-—--“"“-—-—-—"'
| % +950
450 - _—____:;_-—:_____._.-- P
L —
./-"'/ S s
/,‘7 _________..----""'-".
— | "
400 L e
/ -
/r /
/
50 // /
S e —F m—pmerere——3its O 20
e — | e e e — e ——
e s | e
yoo —————"T
[ e =
R S —— A D el Dy o] 4_...._ P K sg |5
e —f——t—
2%
Q-E‘x 147
.
[Le,lm' ] - L
200 I R
150 A
r: 560
—_——— ?;a to
)
A+.
1 00|
50|
4]

Q QI ozo o390 040 *50 0 &0 o0 L-N:1-1 LR -] | oo o k20 130 [ 1] 150 160 110 (8: -} 190 " 2z 00

s <)

FIG.I2. PRESSURE RISE TO MASS FLOW RATIO FOR INDUCTION PUMPS.
P4 =20, T4 =30, O =-05,10,5,20, & 50.

2l'old



5.5 e

A / _ P
-
& 5 / // -
-
L
//
" 4 ' =u==uEEE======E===ﬁ====J
/ i N — X002
; e
I ,__.-----"""‘#'_ e ————
“;—z____—-—_‘___——" ! -_--_-—-_____.—-
*s e T, Lyl
= P
) / A 0" o5
/. — —— ===
- —t T R
/_ — I L
s ;// /;:_,,..-—-— s
—
¢ ™
S y/ =
g o
[venne] /o -
25 ) - — e ——
2.0 =
o —— = —— *50
2
140
________ 45
's — w0 05 & zo
o
3 SO,IE-SO, MJ=I-O
3
o PY. TTo
°
© Qio Q20 @30 0 40 - N-1-] 050 0-10 0-g0 -] i oo iila 1=2a 130 | 40 1*50 IK-1-] [l 180 190 200

Bf= ’“J/"':j
FIGI3 PRESSURE RISE TO MASS FLOW RATIO FOR INDUCTION PUMPS
Pojr =30 Tujp = 30 o «-05, 10,15 20 & 50,

£1914



N

rs

AN

AR

S‘-:;E x 14:7 [L8/ing]
s

o

NN

L

\@
\ CHOKING CHARACTER|STICS,
\ NOT AS SHOWN.

@ 1o Trzeae’k TTm*ieso°K.
® zrn/P'r; = 1Q T1'|=283'K Trg,g:lI!O'K.
@ TPy, 28 Tp,m288°K Ty 3280°K.
@
®

L 210 Tr, = ¥38°K Ty 7I2BO°K.

|

*B Ty, =2288°K Ty *1150°K.

25 Ty, =338°K Ty *I280°K
5 T, s338°K Ty |i30°K
210 Tr =338°K Tyg =!I50°K

N.B. UPPER LIMIT TO CURVES
FIXED BY END DIFFUSER

N\

N N
A\}@\E@é\

\ :

| AN

\

N
NN

20 T 30
FIG.14. SUCTION PUMP CHARACTERISTICS F

40 M/ 45 o ]
Aty [us/sEc/SQ.FT. oF TURBINE ANNULUS]

JET ENGINES WITH COMPRESSOR
RATIOS 5 AND IO AT FULL R.P.M.WITH END DIFFUSER,

-4 — J0

v1I'oid



FIGI5

200

120 /

e

o
o

compressor Temp. rise (8,) °c.

40
7000 8000 2000 10000 11900 12000
R.P.M. (N)

FIG.I5 ESTIMATED COMPRESSOR TEMPERATURE
RISE TO RPM.CHARACTERISTIC FOR A
TYPICAL 5000LB. THRUST JET ENGINE.



FIG. 16,

30

28

26

24

22

n
0

PRESSURE RAT!O

@

|

04
‘ 2l

¢

006

0'08

/o, -

OIO

OJE

0-14

O-IG

FIG.16. ESTIMATED TURBINE TEMPERATURE RATIO
TO PRESSURE RATIO CHARACTERISTICS OF A
TYPICAL 5000 LB.THRUST JET ENGINE.



FIG.17.

mylhvx
AI!Pn! /
54 ’
52
50 “
[}
N
[
. w
o =
Y [ g
i ¢
a 2
n
z
| 1]
48
44 /
42
40
3t
Proy
Pe
»s 53 T4 3 ) 56

FIG.I7 ESTIMATED MASS FLOW TO EXHAUST
PRESSURE RATIO CHARACTERISTICS OF

A TYPICAL 5000LB. THRUST JET ENGINE.



Te * 1250°K,

AN Tr, . 1150° K,

(3

_bo

o)
o _ | X&
20 30

<

| .
SENEND
.

ae

®

40 70
PUMP MASS FLow (M) (LBs/szc)

FIG.18 ESTIMATED SUCTION PUMP CHARACT ERISTICS OF A TYPICAL SOOOLB.
THRUST JET ENGINE AT VARIOUS RPM. WITH NORMAL JET PIPE EXHAUST.

81914



60

%

Ty = 1280° K.

Teg * H50°K.

5-0

40

/>

N

™

3.0

N

AP,
~Tx (47
P.

[L8)iN?] 20

f
O
{

AN

AN

e
°O

////

R
N
\\

AN

N o

AN

7 £
\ |
o

Eo

A

o |LD

PUMP MASS FLOW (M)[La/sec]S

o
oO

(o
Q

£
%, &
< A 5|° 59

/

FIG.19. ESTIMATED SUCTION PUMP CHARACTERISTICS OF ATYPICAL 5000LB.
THRUST JET ENGINE AT VARIOUS R.PM. WITH END DIFFUSER.

‘6114



FIG.20(a)

00

0-29

098 \

)
%

0-97

\Keo-o

P

-]
e
7]
(2]

l

_1'0
™

0-35

0-94

\

093

\

0-92

\K'O-IO

ol 02 M, Q3 04 05

FIG.20(@) TOTAL PRESSURE RATIO AROUND
AN ENGINE NACELLE IN A TUNNEL.

Ko 0104
K2 010

¢ 2 ¢t A
WHERE K=[————'.’:r“°e“" (—1) + —SIRT 5:':“7 + Cc—é—]

FPOR




FIG.200).

0-%0 K200

/g-o-otl-

ots /

Mg ©30 A/

0-EO

OO

Q-0
Q0 040 020 030 040 050

Me

FIG.20(b). MACH NUMBER CHANGE AROUND AN
ENGINE NACELLE IN A TUNNEL.



2.0

@ JET INDUCTION PUMP.

-6

@ SUCTION AND INDUCTION

PUMPING IN PARALLEL.

14
12 N N
— I*0 P
o N
~ 08 \
: \ N
x O-G *
¥ i \
al o4
Vo~
0-2
o
40 80 2o Iso " 200 240 280 320 360 400

WORKING SECTION Mass FLow (™ s) (LB/sec.)

FIG.2l. A COMPARISON OF THE PUMP CHARACTERISTICS OF THREE
METHODS OF JET ENGINE DRIVE FOR A HIGH SPEED SUBSONIC TUNNEL
AT ENGINE MAXIMUM R.P. M,

@ JET ENGINE SUCTION PUMP.

1€°9ld



/7 -—
/ G
_g50 6'/ I'O
3 N
o # ’
:sz 800 22 Q>Q?’.
[ o 9,
& ss0 20 v,
o / /
4
| 4
Y 500 18 4 4 ‘9/
P o e Z &, e TUNNEL NOT
o = / P4 / OPERATING.
o -$
8 4Q0 14 ‘_ﬁ_:’_—_—;ﬂ-——__——: = 7 // -4 - T TUNNEL
= OPERATING.

\ \
\
\
L

(]
\
\
}/\
O
pi—
[#}

|

EXHAUST TOTAL HEAD IN MERCURY,

CORRECTED THRUST [L8 x100]
o )
\\ /
')
‘\
| /
\
A
\
VY| /
/
/
x\
\
\\
TR
j \
AR
by
n
jo

s
—
——

——

— s e—

"’k
\
Ll
| ]

-+

R.P. M.
5000 5500 6000 6500 “J000 7500 8000 §%00 9000

FIG.22. JUMO,004 ENGINE PERFORMANCE WITH AND WITHOUT TUNNEL IN
OPERATION FOR PARALLEL SUCTION AND INDUCTION PUMPING. (ReFerence 14)




2.5 Mg od A

WINTER 7
20 ) L//

/ ////,
-
7
WINTER .~ 7

pd

»

",lr"-summan

// / CONDENSATION AT M, _ o4
7',/ ADIABATIC
/" SUPER COOLING ATy 4=50° C.

5
N

~

MACH NUMBER (M)

/ J’
/
, / ATMOSPHERIC CONDITIONS
/) WINTER
ou5 /// RELATIVE HUMIDITY =¥, = 0. 80,
i ABSOLUTE HUMIDITY = fL s 0+003.
/ ATMOSPHERIC TEMR= T,20° C.

S

50 [T+ 150 200

To C (AFTER HEATING.)
TUNNEL STAGNATION TEMPERATLURE.

FIG.23

ATURATION AT Mg_ .4 -

SUMMER
$,= 0-60.
f.2 0006,
o=\8°C,

FIG.23. EFFECT OF STAGNATION TEMPERATURE
ON MACH NUMBER AT WHICH CONDENSATION
OCCURS FOR TYPICAL ATMOSPHERIC CONDITIONS.

(REFERENCE 16.)



FIG,24.

£

1Of 1 " 1
—] TL088 ACROSS HONEY Com

o9 --..___\

P) toTaL Loss

[ ]

"5.- o- \ "

0‘1 \
O

ost Y ® THROAT AREA OF AUXILIARY NO22LE.
THROAT AREA OF TUNNEL NOZZLE.

P, ATMOSPHERIC STAGNATION PRESSURE,

f
4 PJ STAGNATION PRESSURE BEFORE TUNNEL NOZZLE, ]

z

& 4

s o

- /

- /

0n

| 'Y /

&

<

x

=

0'
o L L
CONDENSATION SHOCK NO CONDENSATION SHOCK.
- MIST BEFORE [ — NO MIST BEFORE +———w
TUNNEL NOZ2LE g TUNNEL NOZZLE,
- SEVERE ICING % NG ICING e e
OF MODELS. / OF MODELS.
e 1 3 l/ 2 " - 1 2
5 I 3 -2 ] ¥ I© 0.9 ) ] (5] 0-6

FIG. 24.PRESSURE LOSSES AND VELOCITIES IN
PRE EXPANSION NOZZLE FOR HUMIDITY CONTROL.

(reFerence 17)



M

18-0

TR~

19:0

9:0

80

70

60

50

4+0

30

2:0

l'O

\

N

~—_

e
02 o.

FIG.25. FUNCTION &, (M) TO M

LIV 08

0-8

FIG25



FIG.26.

300 T
200 //
100 /
Z
a0
— ."’9 1(’ /
— o 4/' /’
?e A A
Ve
* %o\) // /]
-1y ‘\{'\ -
[ 4
O"\ /‘
—i 40 Q\' v 7
* 4, / y
= &7 g
:qa QP.J /|
Q
o g';_‘ 0_39 ///
1
- )
o u'_g \‘x ///
x Py /74 /
\_,Jo s/

PRESSURE DROP PARAMETER
o

[] 8 lo 4] 30 40 60 8O 100 goo 300

FLOW PARAMETER (’S/oc —l)(’%: 1I"J/-r,u-|) vh ["(%.':) z]('*ﬂ)Q*ﬁ T"’/TT,)

WITHOUT DIFFUSER WITH DIFFUSER
MIXING LENGTH = 4.3 D  -- -- - e -

MIXING LENGTH = B-8 D - -

FIG. 26 INDUCTION PUMP CHARACTERISTICS FROM ROLLS ROYCE TESTS
ON Yo SCALE MODEL TUNNEL.

(RerzrENCE 8.)




o
R.eM. [x 1000]

o}

" s
.u Tt //

z o //
" M / %P
A 2 &
900} / /
/ / 1o
/ d
e / o
/ “
P,-_| / /

800 5l
i m // / oo
/

'—100. /
P
T, // //
T; -____________/
609 k{ ) 3 T 12

FIG. 27. ESTIMATED 5000 LB. THRUST JET ENGINE
TEST BED CHARACTERISTICS OF JET’ FLOW.

FIG.27.

re8
126
_‘
Q
—‘
>
r
»
24 2
w
W
C
A
m
—
=
2 -22_‘;
" z
w e
[ S )
-
2
Q
b3
— 2o
-
[« -]
—
A
m
o
e
18
LIS




FIG.28

N

AREA (3Q.1N)
LBJ3Q.IN
@ LB|sEC

<& E /
80 /

-.:b —-

*E

« To

/

&o
490 600 8oo 1000 igoc 1400

Ty 6C)
FIG.28. CHOKING CHARACTERISTICS OF THE FINAL
NOZZLE OF A JET ENGINE.

(ReFERENCE 18)

I

Iy
o6 ]
— -~
x /
=
’//
.4 ,;;/ WITH ALLOWANCE FOR FRICTION IN
/ INJECTOR MIXING CHAMBER.
_ __ WITHOUT ALLOWANCE FOR FRICTION
IN INJECTOR MIXING CHAMBER.
7000 8000 9000 RP.M. Ic000 iooo 12000

FIG.29, ESTIMATED ENGINE SETTINGS FOR
ORKING SECTION MACH NUMBERS
TUNNEL EMPTY) TUNNEL SIZE 4 FT?,
DRIVE SINGLE gEgE I INJECTOR PUMP,






C.P. No. 107
(13.539)
A.R.C. Technical Report

Crown Copyright Reserved

PUBLISHED BY HER MAJESTY'S STATIONERY OFFICE

To be purchased from

York House, Kingsway, LONDON, W c2. 423 Oxford Sireet, LONDON, w.1
P.0O. Box 569, LoNDON, SE |
13a Castle Street, EDINBURGH, 2 1 St. Andrew’s Crescent, CARDIFF
39 King Street, MANCHESTER, 2 Tower Lane, BRISTOL, |
2 Edmund Street, BIRMINGHAM, 3 80 Chichester Street, BELFAST
or from any Bookseller

1953

Price 16s. 0d. net

PRINTED IN GREAT BRITAIN

$.0. Code No. 23-5007-7



