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The vortex tube has no moving parts and its simplicity
makes it an attfactive forn of refrigerator when a source of
ccmpresséd alr is available. The drawback is that this device
has a low efficiendy. ‘ '

The'prdposed apbliéation involves pdésing compressed:
air, from a jet engine, through a precooler and a .vortex tube to
the ventilated suit. | o -

Tnvestigations show that the temperature of the air

_entering the ventilated suit is decreased as engine compression

ratio and precooler efficiency are increased.

Increase of the aircraft's forward speed will result
in decreased cooling until‘a maximum Mach number is reached above
which the ventilated suit coollng requlreﬂent of 115 P ‘can no

1onger be satisfied,

The maximum permissible ilach number, for an aircraft
by ’ - fatt]

. flying at sea level under the maximum ambient tropical temperature

e G

o)
of 457C, has been calculated over a range of compression ratios,
3 = 15 and precooler efficiencies, 75 - 100 per cent. These

results are plotted Jn figures 6 and 7.

It is found that a practical application requires a

precooler efflclency of not less than 80 per cent.

The maximum permissible Mach~numbers‘for~a precooler

oft 90 per cent efficiency are tabulated below, ~

Compression Ratio =5 7.5 10 2.5 15

ilax, Iiach No,

i

6wl 751 .85 | .95 | .99

It should.be stressed that the above results apply only
to the original form of the Hilsch vortex tube. = It is hoped
that revised forms of the tube will prove to have superior

characteristics,
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1.0 NOTATION

1.1 Vortex Tube

- v o P ~Inlet pressure -
B,  Cold outlet pressure
o Ti.t | Inlet tgmperaturel
Tc,_‘ Colé outlet temperature
$ﬁ7 Hot outlet temperature‘
~f" ‘ 1 ‘ ‘ o : _r'! ‘ »
ar, = (T, -T) .
29 Mass flow of air entering vortex tube
o ) _ ; gffB“"\
p omp w7 x jhEY
Yo TMidp  1b./sq.in. ¥ 288
e ,
- _cold mass flow
K inlet mass flow
Tambient~ | Atmospheyl? tenperature
Ai 1 Area of inlet
Y Cou ' Mach nurber

1.2 Jet Engine

ny Intake adiabatic efficiency
Mo ‘Compressor adiabatic efficiency
Ri Intake compression ratio
i RO ~ Engine compression ratio
A, : Temperature rise through inteke
intake S )
Am Temperature rise through compressor
“compressor : i SR
Rco - Engine compression ratio under standard static
conditions.

'/ 2.0 Introduction ...




2,0 INTRODUCTION

2.1 The Vortex Tube

A sinplified diagram of the vortex tube in shownin
figure 2, It consists of a device for separating compressed
air into a hot and a cold stream at some low pressure. The
ccompressed air is injected tangen%ially into the main vortex
tube at the end next to the cold outlet and diaphregm. The
other end of the main tube is partly closed by an adjustable
valve, The incoming air sets up a vortex within the main tube.
Thus, near the inlet chamber, the vortex consists of a cold low
- pressure core which is surrounded by a periphery at a higher
temperature and pressure. The control valve is partially closed
to give a pressure gradient along the tube and so force some of .
the cold air ocut through the cold outlet, The femaining,air

escapes past the valve as a hot strean.

The proportion and temperature of the cold air, for
a given inlet pressure, are determined by the setting of the hot
valve. In the extrene case of the valve belng fully open, air
is sucked in through the cold outlet from atmosphere, For any
given valve setting inecreased cooling may be obtained by increas-
ing the pressure of the inlet air.

2.2 Avplication of the Vortex Tube

Because of its simplicity and lack of moving parts
the vortex tube device presents an attractive form of refrigera-
tion which has low initial cost, is reliable and requires little
or no maintenance, From 1946 and for several following years,
particularly in the U.S.A., these qualities stimulated the
initial enthusiasm for mahy research investigations. Unfor-

‘ tunately the device proved to have a very low efficiency and the
running costs, to provide the compressed alr, nade it an
uneconomical prop051tlon, for almost all practical appllcatlons,
when competing with standard types of refrigerators.

The need to cool high speed jet powered aircraft has
agaln revived interest in the vortex tube.  With this application
a source of high pressure air is already av.ilable at the Jjet
engine's compressor and therefore the over-riding factor of
operating cost is no longer important. If the vortex tube is
able to supply sufficient air at the required temperature then
its simplicity will make it a rival to the refrigeration turbine
which is at present used for aircraft cooling.  Although for
low inlet pressures the refrigeration turbine delivers air at a
much lower temperature, for very high inlet pressures the

/temperature ...
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temperature drop of the vortex tube may approach that of the
refrigeration turbine.

The following investigation is carried ocut to determine
whether a vortex tube would be capable of meeting the requirements

for a ventilated sult system of cooling in a Jet powered aircraft.

3.0 LAYOUT OF COOLIVG SYSTEM

The general lwyouu of the cooling system is shown in

Ffigure 1.

3.1 Compressor

A bleed from the jet compressor supplies the system

with high pressure air.  Owing to compression this air may have
‘ < s q o) . .

2 temperature which is of the order 300 - LOO™C whilst the .air

entering the ventl ated suit is required at *60 Neither the

vortex tube nor the refrigeration turbine is capable of ‘producing
this large. temperature drop and it is therefore necessary to

insert a precooler between the compressor and the vortex tube. .

- 3.2 Precooler

‘The precooler is of the air to air type. It is at
this point in the system that the largest temperatufé drop occurs
and it will therefore be important to use a precooler with a high
thermal efficiency. A second detail to note is that the cooling
fluid is the free stream air at its stagnation temperature.  Under
the hottest sea level tropical conditions, when an alreraft is
travplllng at a liach No. =1, this stagnation terperwture will

xceed atroobhcrlc ambment bemocrature by about 64 C and the

dlfference 1ncreases nore rapldly w1uh furthe”vlncrewsr of” M&ch
o. . Thus there will ‘be an upper: speea 11m1t to the use of the
vortex tube oooler, unlesc some other foym of,precoqler is devised
which doas notvrely on:the free stream staghation,temperature for

coqling.

&  ’3.3 Vortex Tube andeentilated‘Suit

The precooled air next passes to-the vortex tube where
it is sbparatud into a hot ard a cold stream. The cold stream
flows to cool the vcntllaued suit Whllst the hot air is rejected
unless rmquwrpa for some other hea+1ng purbose.~ Back pressure
on the VOftex oold outlet will reduce the- cooling and it is

therefore advgntageous to reduce pressure losses through the sult

/Jtoa ...
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to a minimum'ahd to connect the air outlet frqﬁ the suit to the

lowest available presszure.

3.4 Control of Cooling to Ventilated Suit

'The rate of coOling in a ventilated suit is mainly
dependent on the temperature, rate of flow and humidity of the
inlet air, Although the humidity is not easily controllable,

the first two factors may be readily varied by:
(a) Altering the inlet pressurebto the vortex tube
(b) Altering the back pressure at the cold outlet
(¢} Altering the valve setting at the hot outlet,

Method (a) or (b) could be accomplished by the insertion of a
control valve between the precooler and the vortex tube or

- between the vortex tube and the ventilated suit, respectivély.

In both cases the temperature of the cooling air would decrease
as its rate of flow increased. Method (c) is not 8o straight
forward as later examination of figure 3 will show.. In this
case the maximum temperature drop occurs at an optimum rate of
flow and hence an increased temperature drop could be accompahied
by either an increase or a decrease of cold air flow. Hethod
(v) appears the most sultable for the wearer of the ventilated

suit to control.

4.0 VORTEX TUBE PERFORIANCE

4.1 Choice of performance data

The vortex tube'was dlscovered by G.d, Ranqpe in France
and brief perfornance detalls ave mentloned in a p¢tent and a
pﬁperQ published in 1931 and 1953 " The next publlcatlon: cane
after the end of the‘%écoﬁd. oer'War, in 1946, Whem it was |
disclosed that C.W, Hilsch had been carrylng out research on
this device at Erlangen University in Germany. Although Hllsbh's
paper was the second to be published and although probably‘about
fifty subsequent ones have discussed the device, this paper still
remains ohe of the most systematic‘and‘comprehensive Works.which
is available on the vortex tube's performance.

* Apart from the introduction of the nultl-nozzle 1nlet
chamber, by Fulton4 there has been little 1nprovement in
‘performance, Some improvement has been.mad@ at the lower inlet ,
pressures but, at the highér pressures, no consistent improvements

have been claimed. For the purpose of these calculations

- /Hilsch's ...
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Hilsch's results Will be used The dimensions of Hilsch's tube
were chosen ﬁo 0ive a conwronlso between a tube whlch Nould
deliver a s.%1¢ fraction of cold air at a 1ow temperaturc aﬁd

one Whﬁoh Would cjve greater coolluv bv dellverlng a larger cold

flow at some hlrher temperature, S In thls respact or calculations

may underestimate the available temnerature arop since we are
interested only in the former type of coollng On the other

hand, it~ is remark ble that no other 1nvest3gators h&ve nads

appreciable improvements’ on Hilsch's vesults.

4.2 Typical performance of the vortex tube"

- Figure 3 gives typical performance curves and illustrates
the main features. ~ The lower diagram shows the variation of the
hot stream tmnper“*ure T. , and the cold‘st}eam tem?erature,‘Té,
Withvrespect’to the qqld flow ratio, u, for various constant
preséﬁfe>fatios _pi/pé; ~ The ihlef *emperature is denoted.by'
Ti, the inlet pressure by Py and the cold outlbt pressure by Pge
For constant inlet pressure the value of p  is detorm1nea.by the
valve setting at the hot stream ouﬁlet; for example, u =1, when
the valve is fully closed Although the resuTts, qﬁoted,W°re for
P = atmospheric pressu;u, the curves have heen plotted in terms
of the pressure ratio pi/bo and not pi. This is reaspnable
since no performance figures are availsble to show the effect of
varying p, without varying pi/ﬁc." Tt is only qualitatively known

that increase of P, decreases the temperature drop.

It will be ‘seen that increasing the irlet pressure will
increase the temperature drop and thattfdr4a,given inlet pressure
there is a certain value of u for which a maximun temperature
drop‘occurs. .For higher inlet pressures this value of u
decreaées, For each inlet pressure it will be necessary to alter
the valve setting if the point of meximum temperature drop is.

required.
In scme applications a larger cold flow may be required’
with a smaller temperature drop. In the top diagram of figure 3

the temperature drop AT, is multiplied by the cold flow ratio,

1, giving the 'specific refrigeration', ué;To , which is plotted

against u. It will be seen that a maximum of uéﬁT occurs

at about - u = 6 anu the value uecrq?ses slightly for higher inlet
 pressures.  The point of maxinum uT is the optimum working .

voint for maximum heat extraction from a source at temperature,
T-J
i
These two distinet applications of the vortex tube

require different hot valve settihgs~and.ﬁube‘dimensions. - To

/obtain ...




obtain a large temperature drop it is butter to use a smaller
cold orifice than that used for maximum heat extractmon.

4 3 Performance oP the Hllsch Vortex Tube at Max1mun

Tenperature Drop

HllSCh glves_performance results for three diffsreht
tube sizes. He found that the tube performance increases
slightly with increase of tube size. These results have been
interpolated and general performance curves, at maximun temper-

ature drop, are given in flgure L,

- The maximum tedperature drop divided by the inlet
T

temperature, i.e. ’T C max., is plotted against the area of the
i X i '

inlet orifice, Ai’ for various pressure ratios, 5~ . Super-
‘ © P, ,

imposed are curves of *equivalent mass flows’, m. 'To;dbtain
the true inlet mass flow, 'mi, it is necessary to multiply by
a factor which corrects for outlet pressure and 1nlet temperature.

The expres51on is

288

m = OX 1b /sq.ln.

A curve of the cold flow fractlon,. K, at maximum temperature
drop, agalnst P. /b is given in figure 5.

The cold outlet flow is found by multiblying m, from figure L
by p, found from figure 5. We thus know the amount of air
which is bled from the jet compressor and the amount which will
pass %o the véntilated suit,

When applying the general curvés to the ventilated
sult problem it will be necessaﬁy to make two assumptions which
have not yet been experimentally verified. Pirstly we will
assume that /A T, mex. is a function of pi/pC and secondly
that ﬁETC max. is proportional to T,

,Aﬁff max.

i.e. T (
i L

UlH

for any given tube.

No 1nvest1gatlons of the first assumption h ve bebn |
reported and usually P, is at atmospheric pressure. }bome
investigators have varied Ti, but their object was the
elimination of condensation srrors due to the use of wet air
and therefore these results are unreliable for chechlng the

second assumpglon. Further experimental work is requlred.
N ROCCSN 4 - .
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5.0 VENTIIATED SUIT REQUIREMENTS

Bach suit v’equireé an air supply of 6 cu.ft./min. '
(3.7 1b. /min.) 2t a temperature not greater than 1"5OF (26.41°C)
and ’chere will be a pressure '*oss thx‘oﬂ"fh the suit of 6 1b./sq. in.

The wearer of a ven‘tlla‘ced sul'b w:;_ll experience |
:anreaswd coollng if c,:c'y air is sappllea. t was at first
hoped that a vortex tube might slso act as a waber separator.
One investigator states uha’c very little or no drylng occurs and
it will ‘cherefore be necessary to fit a water separator in the

systen if dry air is requ::.red.

6.0 PRELIMINARY CATICULATION ~OF THE GCOOLING SYSTEI

The following short calculation was suggested as a

preliminary check on the system's practicsbility. . =

6.1 Assumptions
Tentative assunptions were.-"

(a) 'Ai‘i‘ pressure at compressor = 200 1b./ sq.in.
(b) Air temperature at compressor = 350°C

(o) Allowable bleed from compressor = 6 1b. /rin.,

(d)- ‘*Thexmai‘ éff‘iciencgr of intercooler = 75 per cent .
(¢) Aircraft's Mach No., = 0.8
(£)" Aribient temperature 2t sea level = 25 %

14 7 1b. /sq. in.

Il

(2) Suit discharges air at pressure

6. 2 Calcuia’ci ons

(1+Z‘u)

(1) .- Free stream stagnation temp, = qmblen“t
= 3360 k. (63%)
(1) | 'ParmeratUJG drop through intercocler = (Compre ssor

te ﬂnerature - Staﬂnutlon tem"perature) - 75 per cent

215K, |
(1i1) Temperature of air entering vortex tube, T. = 408K (135°C)
& i
. . . i 200
= s ye - - — mm e .
(iv) Pressure ratio across tube, 5 Y 9.8
' C A . “ e
' im O
iT,K
’-5—“ . -~ oo - - . 14-.7 ‘.\’"’ »' i
) fquivalent ness flow m, = By TTv./sq.in. | 268

1}

‘5,06 1b. /min.

/(vi) e
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(vi) Froﬁ (iv) and'(v)rgnd uéihgvfigupe 4; ! ”; | .
— = 218, Ai_ """?,3025, ;q.in. o ’ , -

(vii) vFrom (111) §hd (#i); fémﬁéraﬁure of COIQ_Qif‘toAsuit, h
va‘c = 46%.

(viii)  cola »airr ratio, u, fran :fl’igtlire:_B = .lz58_

(ix) Cold air flow = m; Xy

1.55 1b./min.

i

(x) Meximum muber of suits = 4.

6.3 Preliminary Conclusions

~In this particulor case it appears that the vortex tube
systen is Jjust able to fulfil the cooling requlrements ‘and that
there is sufficient air to supply four ventilated -suits.

The calculations will now be extended to more general ' -

cases under tropical sea level conditions, ' -

7.0 GENERAL CAICULIATION ON VORTEX COOLING SYSTEHM

7.1 Scope of Caiculations

The obgect of the calculatlon was to deten31ne the
effects of englne conpression ratio, precooler thermal efficiency
and Mach Nuiber when the aircraft was flying at sea level under
the hottest tropical conditions, namely - anbient temperature = 4500.

7.2 Calculation of pressure and termerature at engine

ggppreséor
It will be assuned that the aireraft's engine has an
axial compressor with a pitot intake. In'this'case,‘the
adiabatic intake efficiency, gy and the adiabatic compression
efficiency, Mos will lie in the range.~ -

0.9 < 'ni?‘ 1.0 : |

0.83 <n_ < 0.67.

In the following example it will be assuned that. -

n, = 95 per cent
no‘ = 86 per cent.

/For an ...
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Tor an aireraft at Hach No., M, and ambient temperature,

T . ., let the- compression ratios of intake and compressor
ambient S el . :
be denoted by Ri ~and Rc‘ respectively.
Therefore pressure at compressor = R; xR x Atmospheric’
pressure, Let R, ' 'and R__ - be the compression ratios under

standard static conditions, (ch

7

is the engine variable which

is required in the general calculations).

]

T
arbient /286
Intake tewmer ture rise, /i T, bake’ ) ‘<Ri P 1)
A'..."...'. (1)

o+ zm)

T -
ocva-ocot‘- (2)

ambient

T . | + AT,
Compressor tenperature rise, AT : .w oombient intake R 286-1)
£ Conpressor Mg c

.Ounol".ﬂ(})

In the above expressions Rc and. Rl are not ilndependent
In ‘o‘rder to "ih‘trqduc'ze‘ "{ it 1s often assumed that
4 lS 1ndeoenden“t

varisbles.
the conp‘r'essor temper tu:ée ris‘e, T

. conpressor .
of altltude or f‘orward speed and that n and nc, are constant.

Therefore AT - _ T ombient standard '(R.c286"1) W

compressor Mg
Temperature at conpressor bleed = T . v AT
P n p - ambient. “intake - compressor

. (The 1@5‘& tvjvoi terms ére obtained from (2) and (L;.)

Pressure avaciiqblef at compresééf bléed' = Atmospheric pressu:re (Rix'Rc)

(R is obtainable f‘rom equa’clon (1) and (2),.
R is obtainable from equation (3) and (4) with bhe aid of (?) )

The available temperature and pressure at the compressor bleed were

calculated-using

: TN \
} ambient b5 i
: /
4 M = 95 per cent i
} €L ) g
: . f
PN, = /86 per cent |
N : P 1
o DR N
for a range of forward speeds, O« M <.1,0, and engine compression

ratios, 30 R 4%.150

/7.3 ...
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7.3 Precooler

' The preliminary calculation in section 6.0 assumed
that the precooler had a thermal efficiency of 75 per cent. A
somewhat higher figure of 90 per cent is mentioned in reference 5.
In order to include both figures and to indicate the theoretical
maxinun, an efficiency range of 75 'per.‘cent = 100 per cent has™ .

been investigated.

7.4 Vortex Tube.

Figure 4 was used to calculate the cold 2ir temperature
for the various ranges of 1 ach Number, Compression Ratio and

Precoolgr Lff:x.clency

~The back pressure on the cold cutlet was assumed to be
P, = ,.14.7,,4-, 6 = 20.7 1b. / sq.in. and the tube size corresponded
to an inlet area, A, = .03 sq.in.

- 7.5 Ventilated Su:x.‘l: Raqulremen’cs .

The su:.‘b must be supplled W:Lth coollng air at a temper—-,

ature not g:ceater than 115 °F, . The hlghest Yach Humber, at which
'l:h:Ls requ:.rerven‘t wa.s satisfied, 1s shown in flgures 6 and 7. for
various compression ratios and wecooler effa.clencles. F:Lgure 6

plots maximum permissible Mach Number against engine compression

ratio for precboler efficiencies of 80, 85, 90, 95 and 100 per cent.

Bven under static conditions and with a compression ratio as high
as 15, it was not poss:Lble to meet uhe oool:.ng requirements using
a.75 per cent efficient precooler. . .For- precooler e:f‘f:.clenc:.es
between 75 and 80 per cent ‘the curves are rather flat and there
is only sl:.gh‘b 1ncrease of max:.mum pemlss:Lble Hach Number with

. increase of compression. catlo. : A table. of‘ represen‘batlve values

for higher precocler Pf‘f_‘n.olenc:.ea is glven below, -

Maximum Permissible Mach No.,

. Compression Ratio | = 7.5 10.0 | 12.5 15.0

Precooler Eff.

i

907

= 957

80/,

.21 25 | .29 | .33
.73 .85 | .93 .99
.88 jo1.02 Lt 11 fad16

In flp-ure 6 the slopes of the curves decrease mth
inerease of compression ratio. Assum.ng an indefinite increase
of the latter, for a precooler efflclency of 90 per cent, it is
unlikely that the maximum permissible Mach Number would exceed
1.05, It will be seen that a practical application of the

/g,ys“tem vee
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systen requires both a high compression ratio and a high

eff;c1ency precooler. The maximum permissible lMach Nuiber has

- been replotted against precooler efficiency, in figure 7; for

engine oompr6551on ratios of 2.5, 5.0, 7.5,-10.0, 12.5 and 15.0.

 It seems desirable to use a precoolcr whose gfficiency is at.

least 80 Der cent for any practhal appllcatlons.

'8.0 CENERAL CONCLUSIONS |

The prellmlnary calculatlons for an alrcraft travelllng
at a Mach No, of 0.8 at sea level with an ambient temperature

of 2500 and precooler of 75 per cent efficiency, shows that the

vortex tube system was just able to meet the cooling requirements

of a ventilated suit. .

:‘Hore-génefal calculafidﬁs;lfof'a]éea level maximum
tropical temperature of ASOC,,ghowed that. increased cooling was
obtained by either increasing the éngiﬁeAqompression ratioc or
the precooler éfficienéy.'7 Adverse cooling is obtained by
increasing the speed of the aircraft and figures 6 and 7 give the
maximun permissible Mach Number for any compression ratio and
precooler efficiency, which permits the fulfilment of the cooling

requirements.

A practical vortex tube cooling system will necessitate
the use of high efficiency précoolers and high engine compression
ratios. A precooler thermal efficiency of less than 80 per cent
will be unacceptable except at vefy low speeds. An efficiency
of 90 per cent will permit a maximum lMach Numberfof 0.75 for a
compression ratio of 7.5 and the liach Nuﬁber will rise to about
1.00 for a compression ratio of 15. Tt therefore appears that
the vortex tube system of cooling could have practical applica-
tions provided the speed of the aircraft does not exceed the
maximun determined by the conpression ratio and preocooler

efficiency.

The general performance curves‘for the Hilsch Vortex
Tube at maximum temperature drop, given in figures 4 and 5, can
be used to investigate the seffects on the cooling system of

othér variables such as altitude and ambient temperature changes.

More recent investigators have reported vortex tube
temperature drops which are an improvement on those given by Hilsch.
These improvements are usually accompanied by a reduced cold flow
ratlo and, although the results are somewhat 1ncon81stent it
appears that there may be some possibility of designing a vortex

tube which has a superior performance to that given in figure 4.
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Improvements in ‘the Performance
of & Vortsx Tube ’t)/vg@fﬂ

Sunmary N

The ghiect of this note is to indieste how the vortex tube
experiments at the Collspe of Aevopautics will eontribute towsris
the desgign of o tube with imaﬁ@aﬁaﬁj@wmlémg performance,

1. Intreoduetion

the vorbex tube hes two disbinet applications, It may
be used to deliver air at the lowest possible temperaturs or
to deliver the largest guantlty of relvigerant. These two
veguirements are not compatible in one iube. In the firet
anplication the tube iz designed to deliver a small guantity
of nir st the lowest temperaturse whilst in the second a mueh
‘ lavger guantibty is selivered at a slightly higher btemperature.
L In the ventilated suit spplication it is necespary that
" the bempersture of the cold air shall not exceed & given
value, namely 115 « 12589%,  If this cooling requirement can
be met by the second case instead of the Tiret then either
more ventilated suite can be supplied from the one voriex
tube or a smaller tube will be suffieient.  Ae the forward
speed of the aiveraft increasen 1t is found thal lavger
temperature drops ape requived seross the vorbex tube and
eventually tube of the first type wusht be used. For still
highey siveralt gpeeds, 1% is nol possible %ﬁlﬁﬁﬁi%ﬁy'%hﬁ
eooling reguirements unless inlei pressures to the vortex is
increased, -

© -2, Invesbigations to improve Vortex Tube cooling,

Three vorbtex tubes have been gonstructed as part of the
investigations at the College.

Yortex tube Wo.1 is & simple lshopatory demonetration
model.

Toartexr tuhe ¥o.2 (see Pigure 5) was constructed Doy
visusl investigations of the flow within the voriex. Ty@iﬁﬁl
shadowgrashs taken with a high speed camera are shown in
Tlgure L. :

Vorter tube ¥o.% was desicned to investigate the effects
of the mﬁm? variables which control the cooling perflormence
of a vordex tubb. )

Taring the interval, between the completion of the wisnal
flow experiments and the construction of vertex tube No. 3,
vortex tube Mo, 2 was adapted o test modificatlions which might
increage the maximum temperature drop. These modificstions

| Jwere ...



were hased on the ohservatlion that the towmperature drop between

the inlet and the axis of the vortex was sboub 20-30% greater

than ﬁ%&% between the inlet and the cold outled. Tnis eold
region extended over several diameiers along the vortexr axis.

In ecarrying out the visus al tests 1t wes. f@um& necassary %o
shorfen the vortex tube 1o chiain cleas sietures. 1t appeared
that the cooling performance wam not ﬂﬁ@%@ai&bi? affected wh@m
8 tube of only & diameters in length was used.

Modifications to Vortex Tube lo.2.

fﬁ%’ﬁl"ﬁ? “““Hﬁ e &zﬁ?‘;q

ﬁaﬁﬁ?m 2{1) m ﬁmmaﬁifﬁﬁé %m%ﬁ with jﬁ%@%%@ﬁi@'iﬁiﬁﬁa

The reoulis &ﬁ? raax L t&m;@r@imwﬁ dr&g are %1@@%@&
sgainet the pressure vetioc across the inlet end the cold ﬂﬁ%l%gs
in Pigure 1.  Belween pressure ra@i§& of 2 to 4.5 the tempersture
drop cxeseds Hilseh's vesults by @ﬁagﬁ? The tﬁ%@ﬁraﬁar@ drop
ceases to increase at o pressure rutio of 5 and the tube is
inferior te Hilseh's above a ratio of 5 Ba

Floupe 2(ii) - Axisl jet to induce cold air towards ths
¢old osutlet,

#

The obhjeet wasg o indoee cold alyr towards the cold outlet
by meane of an axisl air jed.  The cooling results were not
significently diffepvent From the reswlis for the unmodified tube.

HMoure 2{ii1) - Regireulation and haail exehange %hrm@gﬁ
EEb4 ﬂﬁiﬁi aim@‘

The nrinciple was to @%%1 air which psssed olong an axial
tuhe and whieh was weelrculated by means of an ejector. The
shiect of this sprengerent was bo aveid the decressed cooling
which oeoups wvhen back pressure la apnlied to the sold oublet
of a eowventional dvbe, The resgnlte obisined by this podification
were not as zood ap Hhope Ffor an uamcdified tube,

Flgure £(1v) - Opan Xiuﬁ axial tube.

gggam@uﬁg¥§ - “&?f@?&& 34 axial tube.

The objesct of these two modifications was to tap off air
2t points sway from the cold ondlst.

The cooling W$guixw eyre only slightly balow those for the
wnnedifisd tube (see Clgure 1), The perfovated tube bhea the
adyantage ;Ma# the eold flow maey leave in hoth directions and
the kit aves may be effectively doubled.

It will be concludsd from the above sxperipents that none

/’i};f th@ @ & »
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of the methode trisd sve suitabls for producing significant
inereanes im,zﬁmﬁgwatgﬁﬁ,ﬁﬁﬁg ?fk%ﬂﬁk?§§%@% tube,

ls Yar%vz ﬁﬁh@ ﬁgﬁt&mﬁ ﬁ?iﬂﬁ P&@@ﬁﬁﬁ ﬁﬁﬁ.@ﬁﬁﬁﬁmﬁiﬁw,

Ineveased cocling can @@ ﬁhi&iﬁﬁ& “flﬂ@vfral va%mx %ﬁ%ﬁ@
aps goupled in servies aaw i€ eold alr is fed %&g@ to cogl the
inlet wips,  Provided the periormance ah&&aﬁtﬁwzﬁxi@% of wach
vortex fube in the cascade awpe kaouns lhen the regult a? o
corbining several fubse and heat exchangers mﬁy’h& @%1avi&%@ﬁﬁ

| Many conbinstions are pogeible and the performences have
besn caloulated for three simple syelexs vwhilch sre 1llustra ted
in figure T, %f?é) and ﬁ(éiaﬁ

3

ngarﬁ ﬁsi} - %&%ﬁﬁﬁﬂn

This w&@ﬁaﬁ$~&ya$§m,g&@$ the same temperature drop as a
single vorbex tube, @%@ same results were obbtalned if move
than two vortex tubes were used in the syabemn. ‘ {(This interesting
gonelusion suppested that for a single tube

T" : f 44 gongt.
ﬁé‘ | w&
@x‘;f;:%& i B

and this hos been verified by the vesultsmrried out on Voriex
Tabe Fa, 3, )

Wiﬁﬁg@‘wgﬁg%Aw Inlet ?rﬁm&wl&n&m

- In thinm syetem g&rﬁ ef the @miﬁA&iv iﬂ Ped %&ﬁk %ﬁ & heal
@xehﬁm@%@ whieh cools the inlet air. The malam&&aimn ﬁhﬁwaa
that s greater temperature drop is oblained if a tobe is
4ncorporated whose ﬂﬁmm@i“ﬁ@ﬁ.uh&ﬁﬁat%pxﬁﬁi@* are not 9f'tﬁ$
maximum temperature drop type but of the largs rei'rigerant type.
For en ideal heat exchangoewrr the. w%&m?%g indicvate %hﬁ% at a
prépseurs ratio of 5.5 {see Pigure 1) the &mﬁﬁyﬁtmﬁﬁ drep wwmi@
be inoreassed by about @ﬁ%ﬁ

Bigure 3(141) - @gﬁg%ﬁ@ and Tnlet Preccoling.

in this method the cold alr of the firsd tube is useld Ho
preecool the inlet alr of the sucoeeding tube. The vpocess may
be repeated for any number of tuhes. Uging two tubes and an
ideal hesl exchangesr it was fopund the bemperature drop conld bve
inereased by sbout 607, =s for the previous systen,

It will be seen thet the inclusion of a heat @%@hﬁﬁ@@? in
a vorbex cascads systen will glve Eﬁ?xﬁ inoreasnes in the
tomperature drop, This inoreased pevformance is sbtained at
the expense of decreased cold flow and with the added complication
of heat sxchangers.

,;ff':‘lh »oF B



Although countless ad hoo ipvestigations have hoen carricd
cut on the vorbex tube, (reference - fEibliography and fupvey
nf Vorser Toba? O, of 4. TWobe 110.9), very few investligators
heve carried put o systematlc ipvestigation of all the conbrolling
paranelors in the design »f a sonventional bHibe.
voptex Tube Ho.3 (see Tigures 6, 7, &) was desiymed to
fnyantignte the =0Tect on performance of weny of the design and
operating verisbles. whe warisblos are listed helow and some
of the desion nnes ave shown in figure 2.

Design paranebers.

iy Gime and sbhape of inlet noazsled.
24 sime of cold outlet.
B Length of vortex plpe.

. apevating verinbles, h
i o
P inled pressurs.
2o Hot valve asbilng.
2 Cold putled pressuls.
‘ N Yot wRIVE oressurse.

Ea Inlet teuperature.

The tests, now pregeeding on voptexs Tube No. 5 &8P
ipbended to provide opbtimum design data for & tube giving
either meximum btemperature 4rods maxisum pefrigevant or any
reguired compromlBe. The tests will indicats how the
perfoymance L9 altered by varistions of inlet and exberanal
presgures (€.g. In pivera®t cooling applications). The
results will be directly requived im the celculation of The
eooling performance of the caseade and nhest exehanger vorbed

2y atemi.
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