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'CONT RAFLOW CONTRAROTATING TURBOCOMPRESSORS1

DONALD L. MORDELL2 o .”.- '

Abstract

The performanceof a turbocompressor comprised of a Iarge nutabér of mech- R
anically independent compressor and turbine stages is considered. Examination
of the equilibrium conditions of any stage shows its perfarmance, for a given
design, to be dependent on four variables and hence the petformance of the com-
‘plete unit i$ alse dependent on the same. four variables. Exact arithmetical
- calculation weuld:-be pessible, but.very tedious. In order to render computation
. easier, the coriception of reﬂectecl conditions.s introduced: Physically this implies
" independence of each stage, in séme respects, from itsmeighbors. The dssumption” -
is hkely to be in error least for- intermediate stages,.and most {or the first and 1ast
stages. - Methods of expressing’the aerodynamic performance of the blades of the
"¢ compressor and turbine stages are introduced. to rénder calcilation easier. ~ Some
calcilated performance figires are compared with éxperimental values and shiow,
by their reasonable agreement that the assumptions used arevalid. The methods

. can be applied to other types of complex turbocompressor units by suitable modi-
* fication: of procedure and detal!s . .

.2
“

Introductlon

In 1929 A A, Grlfﬁth put forward proposals for the use of the 1nterna1 '

combustwn tirbine for aircraft propulsmn (1) He showed that with the then |

ex1stmg knowledge such an engine wds a practlcal proposstlon and he also-
1nvest1gated mathematlcaily the best arrangement of engire. A gas turbine
engine consists’ essentlally of an air compressor, eombustlon chamber, tarbine
to drive the' compressor, and: turbine to supply the useful output. . . Note that.
~ ‘the two turbines may in.fact form a single unit, and that in the common jet
" propulsion’ engme the: second turblne is replaced by a propulswe jet.. Griffith
proved that in order to obtam awide range of efficient operatlon it was, de51rable '
© to darrange the COMPpressor; and the turbine driving it, in a'seriesof mechanically”
independent stages, each small compressor stage being drwen by its own small .

turbine. stage.. The tise of small here denotes a stage over which the pressure ;.

ratio s, small The mechamcal arrangement of such a un1t 1s shown d1agram-
Catically in- Flg Toso - - = :
‘In this paper e dlscuss $ome aspects of the performance of such a-unit;
known as a’ contrdflow compressor. . Thé problem may be” put as. follows .
SuppOSe we have' such a umt of g1ven geometrleal design. We can express 1ts
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" over-all performance in various terms, for example the mass flow, and 1n1t1al"-
dens1ty of the air entering the compressor, and its compreéssion ratio and efﬁ-'- '
c:ency, and the four corresponding factors for the turbine.  We shall show that -
in fact there are but four 1ndependent variables, and they may be eonver_uently .

and: the exit from the COMPressor,

A bar over a quality denotés the value of the ratio.

FROM -T'U X
‘ ATE : E.g. ¥ o=t
- T i "N -
: DT -— -
AR TO COMPRESSOR NANGNANGNAN  comaasn ae General Theory
NUNUNANONDN  Tocovmusios . _ ' o
% ﬁ BENHNENEN - We start by considering the most general case. The assumptions we make
'<
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Fie. 1. Dz’agram of @ contraflow mrbowmpressar.
taken as the mass ﬂow and initial dens1ty of the air at the compressor inlet
and ‘at the turbine inlet. = The problem.then is to calculate from these four
independent variables the values: of the othér four variables and also, the
-working conditions of any of the, posmbly many;: compressor or turbine stages

] COMPRESSOR

B Nomenclature
— . mass flow, pounds per second,
_— aphulus area, square feet,

— total pressure, poundals per square foot,
—  stati¢ pressure, poundals . ¢ i
‘total temperature, °K.,

—  gtatic temperature, °K.,
—  density, pounds per cubic foot,
— peripheral Veloc1ty of blade feet per second
— gas velocity,
; — gas axial velocity,
— .gas whirl velocity, _
NP u/ya’ o ' ;

— -mean blade radius; e : .

— angle between vector representmg a gas Veloc1ty relatlve 5
to a blade and the axial direction, - ' .
8 — angle between vector representing a gas ve10c1ty reIatlve
o to the frarme of the machine and the axial direction,”
~ Suffix 1 indicates condition at entry to a stage;
' 2" indicates condition at exit from a stage,
Prefix ¢ indicates a compressor stage,
t indicates a turbine stage,.

-

- 1 denotes conditions at stage number 7.

1 'rVA

¥

N

U TURBINE.

F1e. 2. Contraflow compressor—typical velocity vector tm'angles, :

small discontinuities between stages.

PregEeRY TNYNEE
|

nelon AUy = nollop g [tannco‘«i - tanncfm] y
where A’am is the change of whirl velocity.

a

But. 7 tangm = 2% tanmﬁl = et + tanmﬁl,

nella

and tanncﬁi = t&n(n'+1) Ba= (n+1)cq§ — tan (k1) cthae

MORDELL: CONTRAFLOW CONTRAR.'OZE‘ATING TURBOCOMPRES._SORS

The stages are numbered from the H. P end, i.e., the entry to the turblne

E.g., aeX: indicates the value of quality X at exit from the #'® turbine stage..

are, that at any stage, we may typify dir conditions over the annulus by refer-
ring to conditions at the mean radius, and that in any stage there is negligible

change in the axial velocity. This does not preclude a change over the whole
compressor or turbine, but merely that such., changes may be represented by

In Fig. 2 we show diagrams representing the velocity vectors for any com-
pressor stage and for any turbine stage, Then in any compressor stage #, the
work done per pound per second of air flowing is, by Euler’s momentum theory
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So the work done per pound per second =

neanedh. [nod (n+1)c<.b — tanncag - tan(n+1)ca2] o S
] S1m1!ar1y in any turbine stage #, the work done per pound of gas per second
iSI . o gt mo[tann;ag— tanmal]. * T
!But _ ._ tange; = nith — ta-_ﬂm.el
and - tanB =.'tan_(nW1)s.32 = tan (1 m - (gt

So the work done per pound-second =

nﬂ’ aent@ltan n—1yrez+ tﬂﬂnta2 (n+1)t¢ —'m(ﬁ] S (2)

For the rotor to be in equilibrivm, the total work done by the turbme stage: '
must equal that absorbed by the compressor, plus any frictional or Wmdage ;

loss. ~ 'We may write the equilibrium condxtlon as- _
cM-nc'U_ a-ncqbfm(ﬁ +(n+1)c¢‘ - tanncaz" tan(n+1)c'az] = - .
k. zM nila ni‘}{)[tan(ﬂwl) et tal, ey — (n—1)m5 —ntd] o 3

“Where A and gM are the compressor and turbine mass ﬂows and k isa factor E

nearly equal to 1, representmg friction and windage losses. X
" "Rearranging Equation (3) we have o
Moavand
k

[t&H_(n—lz)taz' '+ tafnas — (a1t — nedl 7

| . L T :l [ B "ﬂ |
o o[ e[ g Bttd]

. Ev'a
- [tangeas + taﬂ(ﬂ+1)c.u2] nk np ‘|‘ [

This equatmn is the general equatzon relatmg the speed of any rotor to the -
speeds of rotors. on either side, and can be used for any rotor. "It is a second’ -
_ order difference equation and in its general solution has two arbitrary c_on.-'
~stants. It is evident that these two constants are related to the direction of

the air before entering the compressor and the turbine, i.e., the effect of -any:
- stationary guide vanes. To solve Equatlon (1) as it stands is very tedmus,g_
and for the purposes of this analysis, we can make certain mmplifymg assump-_

tions, the validity of which will be discussed later

Let us suppose . ) o

e = T, - forallm,”

= & forall u;,
Copeas= ¢ for1 <# <N,

netta= [ p fOI’lS%SN

Note that sirice ¢ = #/T, = 7/3, then 7,5¢ = F¥a."

L

. [m:qS + (bl — tany ns— tan(n+1)'ca2] = s

téﬂ(n—n o T tanmaz] - o (4)

-
‘.
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Equatxon (4) then becomes

(1o +_ nc¢‘[ Mva7 +—?:| + .(n+pc¢':M’:a?:, Mﬂa X 2¢ -?— 2% .

k
' - . Mg Ty
For further convenience put R By, ==k,
then . (n=D)cP -.k‘z + nodllr + 2] + (nr1)s® . k_l? ki, 26“&- 2. o (5)
: L k26 + 2
Put e = Axn —}———~—'—.
s . - 2[Rt Bl

Then substitutmg n Equauon {(5) we have _
Ax by (b ke + bt = 0.
' So either Ax“ == 0 wl11ch mearis that ,,.¢ is constant for all %, irrespective
of any boundary conditions, which is obv1ously absurd, or else . -

ki (bt s + ko= 0
x2+ _(1 + ko/ki)x + kofky= 10

The gpots of this ecl.uation are x1= —1, xp= — %2
) 1
So the general solution of Equation (5) becomes o
vt = Al=k/blt Bl-p B2 (6)
2{k1+ &2) : -

It remains to determme 4 and B. We do this by consxdermgrotor n =1,
and rotor # = N, At # = 1, ie., the first turbine stage, the d‘rectlon of the
air, relative to the frarne of the machine, is given by tan 18, say

Then Equation. (5) becomes- . '
10dlbat o] +206 . k= i 244 B @
At n = N, if the direction of the ajr, entering the compressor relatwe to
the frame of the machme is‘given by tan‘lﬁc, then we have S

(n—l)cq{) kz+nc¢(k1+ kz) (¢ — .Bc)k1+ 2. 3 -8 |
Substltutlon of Equation (6) in Equatlons (7) and {8) ylelds .

(ki‘;".kz)[‘*?./_[ "_B-i-w]—l—kl[(k) A+ B +W]

1 2'(k1 + kz)_ 2(}81 + ks)
= k2 ¢+ 8 | -
BNV 1 B2 49t
k[A(_.i) FB(—pytp e }
S 41 o (=D + 2{k1 + ko)

+(k1+k2)[ ( 3) + B(~1)¥ ’;—E;%ri%‘] c — ﬁ)k1+2t
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' ‘Solv1ng for A a.nd B; and notmg that for an alrcraft engme N W
H.be even, so as to balance g£yroscopic: loadlngs We ‘have i _' e
2hi6 + RaBoH ¢ k12c-{-t+ B -
k1 : kg '

1+ (kz,/kl)f"(z T kg/kl)
t - sz'— Bt(l + k2/k1) A
. Rs(1 + kz/k1) o .';.j.i :
'_-These thea are the two arbitrary constants to go in Equatlon (6)
that Equation (6) gwes us ne¢p a5 a function of

We‘f njcjte,

-, “the stage pOSlthl’l and N the total nurnber of stages
6t - the gas leavmg angles from the: movmg blades, L
Ber B, “the gas entry angle to the compressor and turbme,

bk e, T g Pa

7

If we con51der a gwen machine, ¢, £ Bey £ ,85, 7 and k are all ﬁxed If now. we
~_spec1fy M, and 7, or what is the same, M and psince’ Ty = M Jad Equa’tmn (6)\
is completely defined, and the value of <, and thence 1 can be calculated
- each stage of the compressor and turbme Now for any given value o, M a id
‘the den51ty at entry to the compressor, we can calculate x.,, and since w
4t is known.  Once the blade velocity and axial flow velomty ar
“known, the performance of the stage is completely fixed. Thus the conditions’
‘ 'Ieavmg the stage can be calculated and the next stage considered, and'so on.’
*'In short, if we khow the four mdepenclent variables M, 5, and ; oM, o the per-:
- formance of ‘the whole unit is completely specified. - There is no loss of gene
ality ‘in the snnphfymg assumpt1ons made and this conclusron apphes to an .
' machme of l‘.hlS type : '

Reﬂected Cond1t1ons

Tt is ev1dent that deta1led caleulations are tedious, and in- any event the
blade angles in any real compressor will not be equal for all compressor stage
so that the tnathematical expression for the parameter ;¢ becomes’ most com
plicated. Fortunately a simpler method can be used for most cases, withoil
1ntroduc1ng errors greater than ‘those 1mp11c1t in - necessarlly aseumecl da
ooncermng blade performance, to which we will refer Iater ' -

When nel1= mﬁz, and mBl— 'mﬁg, we have a symmetrlcal or reﬂected
ation of the absolute velocity of the gas in its 'passage through’ the machine
‘which can be regarded as the condition to be aimed atin des1gn. Hwe assu '
that this condition is satisfied, the mathematics srmphﬁes consider: '
sically, we are in effect. c0n51der1ng each-rotor on itsowi w1th0ut 1n_ s
being exerted on it by its neighbors, The ]ust1ﬁcat1on for this rather dr ti
- assumption.is that it makes the sum practlcable, and experlence shows‘ hat
the results glven are sufﬁc1ently near the truth to be of great use..

A

IS
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.Referrmg to- the yector tnangles of F1g 2 it is ev1dent that if we suppose

61— By in both cases, then the change of tangentral “velocity component can
be wrltten e :

cAv = 2(cu — T, tan ca-z)r
,-,A‘Z) = 2(5110, tan 3(1.2— ;u) .

Expressmg the equ1l1br1um of the rotor, we have
.

o Mcu 2(cu —dla tan ) k th# 2(t?1a tan s — z%)

’ M2 c(ﬁcﬂa (c‘f’ = tan cEZ) thtQcha (tan tfl‘z" “'QS)

'M 'aa .
e ¢ (c taﬂ',gaz) L= tan 102 —ﬁ, ‘
L - ¢ .
‘ . L de -tan ca2+ tan gﬂ‘.g . .
: e '-k S
Remembering that = ''§ = /s, =7/s,.
and o b= AL
~wehave ... . T 0T e
) _—_r'tan caé+tan tda - _
T ;q5=kAp o ]

Hence for any given stage qS isa funct10n Jf'" JI7I
i =

more genera] case Equatlon (6)

_',ﬂ_{
A7

Also since

'bl'
. ‘il

- ﬂﬂ'. =P
tan 11:13 + — tan cccz

N t é = _ ) .o _
ST (1 o ) ;
| A

that from the vector trlangles

ote further. and the assumed symmetrlcal '

P _tkp

dﬁ’ jrust aswe fOund in the L

10

ay

conditions © .. - . _
‘ tan: ca1= 2c¢ ~tan .as, _ an
S = 29— tan, g
Finally we define M =2 t‘¢(tan.ta2 ) R
. and A L, S
LT s = c¢(c¢ —rtan caz) (13)
o The stage total temperature rISe is cAT —+—°‘p Ya |
and 'ﬂl‘?‘ turbme t,?mperatureudro;.) i_atAT - ——..""’b_"t?“g_ i(ls) o
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It remains now to consuder, in more deta1l the aerodynamlc performance o
_the blades For th1s we rely on cascade tests (2) in wh1ch a pack of blades i’

measured for a range of values of a and M i Such tests are tw 'dlmenslonal-
and when the reésults are apphed tol predict the flow-in an’ annulua 'ome forc
is necessary. It is found by experience (3), that ‘the¥alues of the leav
angle measured in two d1mens1onal ‘tests may- safely be apphed to the an
* flow, whilst to the two dimensional loss meastred must be added due allo
Cforannulus and wall fr1ct10n loss ‘and also an allowance for the fact that _th

L DR P )
10 o~ ' _-__-'-\"\152-5
e Ty S0,
PO BRI NS VSIS ) S
g : \45)
CLE R I oy
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L0k T Y40
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- 'FIG 3 Compressor blade perfommnce curves—esectwn Gof,tmgen 436‘ 50 deg Camber;' K
.-deg stagge‘r 7 : A o .

: flowisin fact three dnnensmnal and that there are shght varlatrons in mc1de G

- up:and down the blade, leading to secondary losses.  These may be allowed fo

-and in Fig. 3 we show a: typical sét of curves, relatmg the tangent of a2 totan e
‘and the Mach number.. Fig. 4 shows the stage efﬁc;ency asa functlon of a
and, Mach number : a R

A third, factor to be cons1dered is the value of the ax1al veloc1ty Th1' fa
.be calculated from the mass flow and area. and: dens1ty to'give & mean alue
* butin pract1ce the growth of the boundary layer in-an adverse pressure g adle_

'ﬁncreases the ax1a1 velomty above thIS value.
’ "necessary by putting in an empirical factor multrplymg the right hand side of
Equations (14) and (15), known as a-work factor, or it may. be taken care of
- by puttmg in a factor multlplymg the nominal flow areas by a so-called con-

" of test results, will yield reasonable results a‘fterwards

' such as Figs. _7_'-an__d 8 for each rotor.
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This may be allowed for i

Either, since the factors must be determmed from analysis
“The contraction factor

traction factor.

ig probably sounder physmally

-

L= B
M T

=, A5t 40° [42.5° 45° 47-8°50%"

STAGE " EFFICIENCY
Q Q
P o
: ) ) ) ) - .F
J

&
B

02 o3 .- 04 OS5 o6 o7 a8 09

M'w,

FiG. 4 Es.fa,mated oomprersor stage ejj‘imemws, asmmmg mmulus and secondary losses to be .
150% uf the minimum proﬁle drag, R .

\

Performance Integratlon o

We afe now in a posmon to combme Equations (9) to (15) w1th the data of _
Figs. 8. and 4 and the corresponding. data for the turbme blades to; produce a
complete performance ana1y31s '

The combmatmn of Equauon (11) wrth Fig. 8, y1elds a relat1on between '
e, tan coz and | Mnl which is shown on Fig: 5. There is.a correspondmg ‘rela-
tion between 3¢, tan jas, and ;Mny, but in this case we do not show on Fig 6
any variation die to Mwma, as in turhines of this kind, the turbine ‘Mach
numbers are always a long way from the critical values. . From Flgs 5and 6.
we can solve Equation (9). For typical values of 4 and ¥, and M 1 0 this.

. is plotted on F1g 7 as a curve of P agamst p

" This i is the key to: the solut1on and there is no need to proceed in any detali

_further. Lo _ TR : S

¥or any contraflow compressor of specified geometry we can prepare curves
Then our four independent variables are -

[
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Ve

'cM s by P and . The p is most converuently expressed at the low- presr‘,uure'. s
‘end of the unit. Then since p fixes :¢.and M and. ¢p fix 04, all the condrtrons' .

at the L.P. rotor are known, in part1cular all gas. ~velocities and directions.

The value of A gives us the temperature rise in-the compressor stage, and -
Fig. 4 yields the stage efficiency, permitting the pressure ratio to be calculated. .

In a similar manner we can work backwards through the turbine stages. Thus

“we can calculate-all the conditions on the far side of the L.P. rotor, which are .
then the entry conditions to the next stage, through which we can work in turm,.
and so on, integrating through all the: compressor and turbme stages unt1l the, .

- H. P end is reached

N

Example

“To show the results obtained by the method, F1gs 8 and 9 compare the . -

' measured and calculated performance for an exper1mental turbocornpressor

lo— T TesT _ T .
. i ot | THEOGRY: | - o /
o}— = . — L
ATC| 0/
. iogfee / "
a0 ~ ) THEQRY.
R O S'/’;—:/'
: N -
cole_i ' TEST _ \.3
' 4b 40 ) e : :
1. j:jj; ) )
_ _ g o .
< 200 .
- N
360 400 soo 600 700 800
MAx. ) , K

'

FIG. 9. Camparwon of predicted and mieasured variation of compresswn tempemture rise ami

eﬁimemy with ﬂame tempemtwe

that was run at a constant Value of M s o0, and M = 1. 0 wh1ie 0 was varred
P was varied by varying the turbme éntry temperature, and the results aré
plotted against this variable. It is ev1dent that the compressmn rat1o is in-
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'close agreement The bbserved temperature fise was greater than that pré--
dicted, which is the reasor why the efficiericy is low. The explanation of this
~ can be seen: by reference to the illustration of Fig: 1. Any leakage bhetween
‘stages from turbine to compressor. will raise the- apparent, temperature rise:

Considering this effect the agreement is regarded as. satrsfactory Fig. 10

_A‘Fli%_._‘/ _

5 — : -

THEORY.

.BEFORE

N

-5

INCIDENCE

. . AFTER / \
. 1T - BEFORE
:/ - EXPERIMENT o

-5l — )

V2 3 4 5 &€ 7 8 9 T RNTETIY 14
: ) ROTOR N° ’
FIG 10 Compomson of pred@cted dnd measured volue of compressor blade mczdeme

shows the calculated and observed values of the 1nc1dence on the compressor _

blades for all the rotors.. In this figure two sets.of pred1ctecl and observed
results are shown, as predictions were made of the estimated results following
a modlﬁcatlon in the turbme blades to alter their angles. Again the agreement -

is fairly satisfactory. Ttis interesting to note the peculiarities of the observed
.results at rotors Nos. 10 to 14. It will be remembered that the theory used

neglects any effect of stator angle.  In other words it assumes that the stator

~angle can be always adjusted to suit operating conditions. In fact, of course,

“a compromise is necessary, and the lower curves show the eﬂ’ect of the error
: mtroduced : . : :

Apphcatlon to Other Types of Un1t

The method described apphes particularly to.a cerfain. type of turbocom-
pressor unit. With suitable modifications it is' applicable to any: type of
compound engine, having one Or [Ore COMPpressor stages each of which -is




- 208 - CANADIAN J'OURNAL OF RESEARCH VOL. 27, SEC, £

independently driven by its own turbine stage In such cases, it often happens, =
if there are relatively few stages, that the turbine stages may be operating’
Ainder “choked” conditions Whlch makes-calculation eaSIer, by controlling the '
mass flow (A, :
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