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excitation level, it is closely approached at 10 mph as ex-
pected. At higher speeds the value of fi is lower and the
limit point of stability will correspond to a lower value of f2,
and, hence, a lower limit on the gr-level. This is clearly dem-
onstrated by the decreasing trend in 0-level both with and
without damper application.

Further testing is still underway which will help trace the
lower boundaries of the stability loop as x changes with
progressive brake wear. In this case it is still necessary to
repeat the test without the damper to make sure that the
excitation level has not changed or to make necessary adjust-
ments in the applicable value of fi.

VIII. Conclusions

The problem of the self-excited two-mass system has been
analyzed and a closed-form solution obtained. The condi-
tions of stability of either or both modes have been discussed
thoroughly. An outline of the nature of brake excitation is
given. Energy method is utilized to treat the possible non-
linear functions introduced in the system. It has been
shown that a self-excited two-mass system possesses the
property of being stable within a denned range of frequency
ratio and secondary system damping. The range of stability
is affected by the mass ratio and the negative damping in the
system. Reference has been made to the problem when de-
fined by a brake fitted with a tuned damper. The stability
charts can then serve as design charts capable of indicating
the optimum size, tuning, and damping to be accommodated

in a secondary system intended as a damper for a primary
brake system. The problem of damping the secondary sys-
tem by hydraulic (velocity-square damping) rather than
viscous means is discussed and the method of utilizing the
stability charts outlined. It has been shown that with hy-
draulic damping the margin of stability is increased but some
limiting oscillations of predetermined value have to be allowed
within the system. Viscous damping has a smaller range of
stability but should damp out any vibration completely;
the limiting value in this case is zero amplitude.

The experimental results have confirmed the validity of
the theoretical analysis to predict the brake response when
fitted with a tuned clamper. The brake vibrations were sup-
pressed successfully within the design limits of the damper.
The success of this application, without adding an appreciable
weight to the brake, represents a long-sought method for con-
trol of vibration in brakes. It opens the door for utilizing
the harder, more economical linings with the subsequent sav-
ings on weight and service cost and increased lining life.
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Jet-Pump Actuation of Variable-Density Subsonic Wind Tunnels
J. C. GlBBINGS*

University of Liverpool, Liverpool, England

The actuation by jet pumps of variable-density, closed-circuit, subsonic wind tunnels is
compared with an existing one-dimensional analysis. The measured performance is cor-
related in terms of the wind-tunnel power factor. The off-design characteristics of the outlet
jet pump under suction conditions are studied, and its performance in combination with the
actuator jet pump is given. Two methods of intermittent operation from a storage reservoir
are compared.

Nomenclature
a* = speed of sound for M ~ 1
A = const, Appendix A
A = (with subscript) cross-sectional area
B = const, Appendix A
C — const, Appendix A
Ci,C->jCs = consts, Appendix A
Cf = friction coefficient
Cp = coefficient of specific heat at constant pressure
D = diameter of mixing length
h = specific enthalpy
K = const, Appendix A
L = length of mixing length
m = (with subscript) rate of mass flow
M — (with subscript) Mach number
p = (with subscript) pressure
P = tunnel power factor
R — gas constant
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Re = Reynolds number
S = surface area of mixing length
t — tunnel running time
T = (with subscript) temperature
v = (with subscript) velocity
V = reservoir volume
a = const, Appendix A
18 EEE area ratio A//A/, Appendix A
7 = ratio of the specific heats
77 = diffuser efficiency
n = (with subscripts) mass-flow ratio, secondary to

primary flow
p = (with subscripts) density
<r = tunnel pressure ratio
4> = velocity ratio, Appendix A
0 = (with subscripts) nozzle loss coefficient
<j)n = friction coefficient, Appendix A
\l/ = density ratio, Appendix A

Subscripts
0 = actuator outlet stagnation conditions; also outlet

jet pump
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pertaining to the two roots of the jet-pump equations
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final reservoir conditions
initial reservoir conditions
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1. Introduction

pump will decrease it.
discussed.

These methods of control are to be

THE large capital and running costs of high-speed wind
tunnels that are actuated continuously by fans have

given impetus to the development of intermittent operation.
There are two forms of operation for intermittently running
wind tunnels. In one, all the air passing through the test
section flows between two air reservoirs that are initially at
different pressures and one of which may be the atmosphere.
The other form makes use of a jet pump whose primary flow
is from a high-pressure supply and whose secondary induced
flow is that through the wind tunnel.

Pioneer experimental work on jet-pump tunnels operated
by compressed air was done by Bailey and Wood1 and by
Stack.2 Further work has been described by Bailey and
Wood both for subsonic tunnels3'4 and for supersonic tunnels,5
and further extensive development has been reviewed by
Knowler and Holder.6 Experimental investigations on the
use of steam as the actuating fluid have been made by Poggi7

and by Lilley and Holder.8 The first performance analysis
of a jet-pump tunnel appears to have been given by Winter,9

who compared his solutions with experimental results.
Use of a closed-circuit wind tunnel permits a variation of

the pressure in the test section, thus enabling an independent
control of the Reynolds number and of the Mach Number.

Such a tunnel is shown diagramatically in Fig. 1. In this
arrangement, the flow around the tunnel circuit is maintained
by the actuator jet pump, whose high-velocity primary flow
is fed through an annular nozzle. A mass flow rate of air
which is equivalent to the rate through this annular nozzle is
removed by the outlet jet pump, which is needed only when
the air pressure in the tunnel return circuit is below at-
mospheric pressure. By this arrangement, only the high-
pressure air supply to the actuator jet pump needs to be
dried, thus affecting economies in the drying plant.t

Both operation at a low air density and the lower power
factor associated with return circuit tunnels decrease power
requirements. The existence of such effects are here in-
vestigated for a jet-pump drive.

Throttling of the air at outlet from the tunnel circuit will
raise the tunnel air density, whereas use of the outlet jet

2. Analysis of the Jet Pump

A paper by Keenan and Neuman10 has shown that a one-
dimensional analysis can give good performance predictions
for a jet pump with a central convergent-divergent nozzle
and a parallel mixing length discharging to outlet. A paper
by Winter9 has also shown good agreement between this
theory and experiment using an annular nozzle, a parallel
mixing length, and a conical diffuser. Both these papers
presented computed results for which frictional losses on the
walls were excluded, except that Winter allowed for the
diffuser loss. However, for the different range of operating
conditions considered here, neglect of this friction has, as
was observed by Keenan, Neumann, and Lustwerk,11 a large
effect on the optimum predicted performance. In FlugePs
presentation of the theory, inclusion of empirical coefficients
accounted for these frictional losses.12

Referring to the sketch of a jet pump in Fig. 2, it is found
that the theory gives two solutions for conditions at station
4 after mixing in a constant cross-sectional area between
stations 3 and 4. Winter pointed out9 that the two roots of
the equation give velocities v4i and v& that are related by
V41-V42 = a*2, which is the relation for a normal shock wave.
Keenan, Neumann, and Lustwerk11 have obtained, for a
jet pump with a central primary nozzle, experimental condi-
tions appropriate to both the subsonic and the supersonic
roots. Both these conditions have been observed also during
experiments on a jet pump with an annular nozzle.13 For
the supersonic root the shock has either to be passed into a
supersonic diffuser14 or swallowed into a subsonic diffuser,
in which latter case, unless the shock was quite weak, the
over-all loss would be greater than with the subsonic root.
With an annular nozzle in which mixing takes place in a
conical diffuser, as in the present configuration of the tunnel
actuator jet pump, conditions after mixing seem always to
correspond to a subsonic Mach number.15

3. Numerical Solutions for the Outlet Jet Pump

Most of the published studies of jet pumps are concerned
with operation at the design conditions. The present ap-
plication to pumping the tunnel outlet flow would most con-
veniently require the operation of a jet pump of largely
fixed shape over a range of conditions, and so the off-design
characteristics are now considered.

Using the one-dimensional equations governing the jet-
pump flow (Appendix 1) and with subscripts to denote the
stations numbered in Fig. 2, calculations were performed for
the following loss coefficients suggested by Flugel12 and a
diffuser efficiency as defined by Lieprnann and Puckett16

RETURN CIRCUIT

Fig. 1 Diagram of the closed-circuit
wind tunnel showing the actuator
jet pump to drive the tunnel flow
and the outlet jet pump to remove
air from the circuit. (Note: the
outlet jet pump is not drawn to

scale.)
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t The necessity for a dry airstream in the working section precludes the use of steam as an actuating fluid in a closed-circuit tunnel.
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Fig. 2 Diagram of the outlet jet pump. (Note: stations 1,
2, and 5 are at stagnation conditions.)

primary nozzle loss coefficient 0i2 = 0.95, secondary nozzle
loss coefficient 02

2 = 0.85, mixing-length friction coefficient
Cf = 0.004, and diffuser efficiency 77 = 0.75.

Computations were performed for the stagnation tempera-
tures Ti = T2 = 288°K and for the four cases; case A, pi/pz =
8.84, p2/p5 = 0.5; case B, pi/pz = 15.63, p2/p5 = 0.5; case
C> PI/PZ = 8.84, p2/p^ = 0.5, 0i = 02 = 1.0; and Case D,
Pi/pz = 8.84, pi/p$ = 0.75. The results obtained are illus-
trated by the correspondingly lettered curves in Figs. 3 and
4. Figure 3 is a plot of the ratio p of the secondary mass-
flow rate to the primary mass-flow rate against the Mach
number Ms" of the secondary flow at the entrance to the
mixing tube. Figure 4 is a plot of IJL against the ratio /3,
which is the ratio of areas Az'/AJ at entrance to the mixing
tube.

All four curves of Fig. 3 exhibit the maxima that have been
observed by Keenan, Neumann, and Lustwerk11 and an
approximate analysis for which has been given by Elrod.17t
Two features common to all four curves are of interest. First,
the mass-flow ratio does not drop rapidly either side of the
maximum value, and second, the Mach number of the in-
duced flow at this maximum is fairly high in the region of
0.6 to 0.85.

Comparison of curves A and B shows that roughly doubling
the actuating pressure increases the maximum value of /z
by only 26%, the optimum Mach number remaining almost
unchanged. In marked contrast, comparison of curves A
and C shows that neglecting friction in the primary and
secondary nozzles raises the mass-flow ratio by 30% and the
optimum Mach number to about 0.9. Finally, curve D in

i-o Z

0-6 0-8

Fig. 3 Variation of the mass-flow ratio n as a function of
the Mach number of the secondary flow at entrance to the

mixing tube for four cases detailed in the text.

t The approximations of Elrod's analysis are not valid for
these examples.
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Fig. 4 Variations of the mass-flow ratio fj, as a function of
the ratio of the secondary to primary flow cross-sectional

areas /3.

comparison with curve A shows that the smaller pressure
rise across the jet pump results in a marked increase in ju.

The corresponding plots in Fig. 4, of mass-flow ratio against
area ratio, also show curves with gentle variations of gradient
in the region of the maxima. Here, the effect of friction in
the nozzles is shown, by comparison of curves A and C, to
have little effect upon the optimum value of /3.

4. Numerical Solutions for the Tunnel Actuator
Jet Pump

Calculations of the power requirements of wind tunnels
commonly are based upon an estimation of the power factor
P, which accounts for all losses except that represented by
the fan or compressor efficiency.18 It is written.

P =___Rate of work input to the tunnel stream___
Rate of flow of kinetic energy at the working section

and is usually estimated largely from empirical data.19'20

As a wind-tunnel power unit consists of a compressor and
a cooler, and as a jet pump is representative of this combina-
tion, then

P = CPT,[(p0/p,)(-> (i)
where Ti and pi are, respectively, the stagnation temperature
and stagnation pressure at inlet to the actuator, po is the
outlet stagnation pressure, and vw is the velocity in the working
section.

Noting that the tunnel Mach number Mw is given by

- l)CPTw]

10-0

0-5

Fig. 5 Variation of the mass flow ratio ^ for the actuator
jet pump as a function of the tunnel pressure ratio a- and
for three values of the tunnel power factor P. Dotted
lines for combined operation with the outlet jet pump.
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Fig. 6 Variation of the total high-pressure air-consump-
tion parameter <T/AI as a function of the tunnel pressure
ratio a and for three values of the tunnel power factor P.

and that

[(7 -

then,

P = 1 + [(7 -
[(7

w 2 Y iv \ ^~
f- Lw (2)

When the actuator is situated immediately at the end of the
working section then, introducing the jet-pump notation
illustrated in Fig. 2, Mw = M3", pi = p3«", and pQ = p4s,
where the subscript s indicates a stagnation value.

A numerical example was computed for p\/patm = 4.42,
Ti = T* = 288°K, </>!2 = 0.95, Mw = M3" - 0.9 and where
the tunnel pressure ratio a is given by a = p3//patm. Re-
sults of the calculation are shown in Fig. 5 as the solid lines
in a plot of the mass-flow ratio pt against a for three values
of P. A marked increase in /x is seen to result from a reduc-
tion in either P or cr.

5. Numerical Solutions for the Tunnel
Performance

When the tunnel stagnation pressure p3s" is less than
atmospheric so that a < 1.0, the outlet and actuator jet
pumps operate simultaneously. Indicating their mass-
flow ratios by /ZQ and /z0, respectively, and noting that the
rate of flow of the actuator primary jet and the outlet second-
ary stream are equal, then the ratio /zr of the mass-flow rate
through the tunnel test section to the sum of the high-pressure
mass-flow rates to both jet pumps is given by

Mo) (3)

For the outlet jet pump, A-/ will usually be fixed, but the
Mach number M-" will vary with variation in the primary
flow rate of the actuator. However, the flatness of the peaks
of the curves of Fig. 3 means, for the present example, that
this off-design condition does not involve a large perform-
ance penalty.21 Using the maximum values of curves A
and D in Fig. 3, computed values of IJLT are plotted in Fig.
5 as dotted lines.

It is seen that the total mass-flow ratio decreases consider-
ably as a decreases below 1.0. Increasing the primary air
pressure of the outlet jet pump corresponding to curve B of
Fig. 3 increased /x0 by 26%, but from Eq. (3) this only in-
creases /XT by 16%. In contrast, use of Winter's results9

shows that a corresponding increase in the actuator primary
air pressure gives an increase of 50% in /zfl and hence from
Eq. (3) gives the same increase in /zr.

For a test section cross-sectional area Aw the total air
consumption rate mT is

mT <* (Awa)/fjLT (4)
and so the total high-pressure air consumption is proportional

6-0

4-0

2-0

0-5

Fig. 7 Variation of the design criterion JJ,<T as a function
of the tunnel pressure ratio a and for three values of the

tunnel power factor P.

to a/ JJLT. Values are shown plotted in Fig. 6. A steep rise
in air consumption is seen to result from an increase in cr
above the value of 1.0. Under suction conditions the con-
sumption for this example is almost constant with change
in a.

The Reynolds number of the flow in the tunnel test section,
Re, is

Re cc crAw
1'* (5)

and substitution from Eq. (4) gives

Values of this design criterion are shown plotted in Fig. 7.
The results show that for a fixed Reynolds number the air
consumption falls with increase in a with, from Eq. (5), a
corresponding decrease in Aw.

Control of a jet-pump tunnel to maintain constant tunnel
speed while operated from a storage reservoir can be affected
during the fall in reservoir pressure, by either throttling the
air supply so as to supply it to the actuator nozzle at a constant
pressure or by varying the area of the actuator nozzle.21'6
A comparison of these two methods was made using the com-
puted results given by Winter9 for a tunnel power factor of
0.25 and a frictionless primary flow in the actuator nozzle
driving the tunnel at Mw = 1.0 for a = 1.0.

Using the standard relations22 quoted in Appendix B, the
tunnel running time t, for the flow throttled to a constant
pressure from an initial reservoir pressure pRO of 25 patm, is
shown in nondimensional form as curve A in Fig. 8. The
variation of temperature T\ during the running down of the
reservoir pressure was found to have a negligible effect,21

and so has been neglected in this example. It is seen from

Fig. 8 Tunnel running time with air supply from a
storage tank. Case A, throttling of air to actuator jet-
pump nozzle; case B, adjustable nozzle on actuator jet

pump.
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.PRIMARY NOZZLE

Fig. 9 Scale diagram of outlet jet pump.

Fig. 8 that the running time has a maximum for an operating
pressure of 6.3 patm, the variation either side of this maximum
being a gentle one.

Using the relation derived in Appendix B, the running time
for the variable nozzle method of control was computed and
results are shown as curve B in Fig. 8. The lowest value to
which the reservoir pressure could be expanded would in
practice be limited by mechanical features of an adjustable
nozzle. A value of 2.5 p.Aim is indicated in Fig. 8 and is based
on experience obtained during the experimental work de-
scribed later. It is seen that there is little advantage in
making this limit much lower. Comparison of curves A
and B shows the considerable increase of 53% in the
running time by using the variable nozzle method.

6. Experimental Measurements

Experiments were performed on a model wind tunnel, a
sketch of which is shown in Fig. 1. The outlet jet pump is
shown sketched to scale in Fig. 9 and the annular nozzle is
shown in outline in Fig. 10. Further details are given in Ref.
21.

The experiments upon the outlet jet pump aimed at in-
vestigating the effects of operating at other than design
conditions. With the needle valve fully open in the outlet
jet pump primary nozzle (Fig. 9) the mass-flow rate measured
by an orifice meter corresponded to a friction coefficient
<£i2 of 0.95. This is the value used in the numerical work
presented in Sec. 3.

Results of the measurements of mass-flow ratio are given
as the experimental points in Fig. 3. In view of the large
effects of friction already discussed, together with the use of
estimated frictional coefficients, the agreement of the experi-
ments with curves A and D for cr = 0.5 and 0.75, respectively,
is satisfactory.

This outlet jet pump was designed, with the needle valve
fully open, to operate at the following conditions. Nozzle
outlet area: throat area - 2.12:1, M3" - 0.577, /3 = 2.48.
The corresponding experimental point marked 'a' in Figs. 3
and 4 is seen to give good agreement with these design
conditions. All the other experimental points both for a =
0.5 and a = 0.75 were obtained with the needle valve in par-
tially closed positions, and it is seen that equally good agree-
ment with the calculated values is obtained for these off-
design conditions when the independent variable is M3".

Experiments upon the actuator jet pump gave results of
which Fig. 11 presents a typical example for the variation of

PRESSURE BOX

Fig. 11 Measured values of the mass flow ratio jm as a
function of the tunnel pressure ratio a for three values of

the pressure of the air supply to the jet pumps.

the mass-flow ratio with the pressure ratio. Comparison
with Fig. 5 shows a marked difference in the nature of the
curves, a point returned to later.

The product of the pressure ratio a and the velocity in the
tunnel settling length upstream of the contraction can be
used as a measure of the Reynolds number of the flow around
the circuit. The tunnel power factor P would be expected
to be a function of this Reynolds number.

All the experimental results were used to compute values
of P, the measured value of the Mach number in the plane
of the actuator nozzle being identified with M3". The jet-
pump performance analysis of Appendix A assumes the
existence of a parallel mixing length. Winter's experimental
work9 seems to indicate that, when the nozzle is an annular
one feeding directly into the entrance to a conical diffuser
as in the present apparatus, the results agree well with this
analysis. He further found that the addition of a parallel
mixing length impaired the performance through the addi-
tion of the added wall friction. Reid15 has further shown
that the annular jet without the parallel mixing length sup-
presses the diffuser separation. However, it is known12

that with a central jet, as in the outlet jet pump, a parallel
mixing length is necessary.

The values of a were multiplied in the proportion of the
velocity in the settling length to that when Mw = 0.6. The
results are seen in Fig. 12. They all fall around one mean
line, thus supporting the idea that the performance of a sub-
sonic jet-pump wind tunnel can be based on the usual tunnel
power factor.
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Fig. 10 Scale diagram of annular nozzle of actuator jet
pump.

Fig. 12 Deduced values of the tunnel power factor as a
function of the tunnel pressure ratio used as a scale of

tunnel Reynolds number.
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Because of a slight design underestimation of the boundary-
layer growth along the walls of the working section, when Mw
= 0.9 the Mach number dropped to If 3" = 0.84 in the plane
of the actuator nozzle. In one case the measured value of
the mass-now ratio was p, = 6.0, giving a computed value of
p = 0.27. If Ms" had been 0.9 then for this power factor
the mass-flow ratio would have dropped to a computed value
of 5.6. The Mach number drop along the working section
meant that the actuator jet pump was working nearer to an
optimum condition of the form illustrated for the outlet
jet pump in Fig. 2.

There is evidence in Fig. 12 of a large-scale effect upon the
power factor. In this type of tunnel and at this scale, most
of the losses occur through the corner vanes. Collar has
performed experiments upon the Reynolds number effect
on thin plate vanes, as used here.23 Analyzing his results
shows that the loss is proportional to Re~°-G2. A curve
representing

is drawn as a solid line in Fig. 12 down to the point corre-
sponding to a vane Reynolds number of 5.104, which was the
lower limit of Collar's experiments. It is seen to explain
satisfactorily the variation of P with a. At a lower Reynolds
number the corresponding index of Eq. (6) becomes more
negative in accordance with common experience for friction
losses. The dotted curve of Fig. 12 is drawn for an index of
-0.8.

This variation of P has the marked effect upon mass-flow
ratios already observed. This is illustrated by the chain
•curve of Fig. 11, which has been computed to satisfy Eq.
(6). This curve is seen to fit the experimental values and
nowr explains the difference from the type of curves of Fig. 5.

Operating the actuator nozzle at pressure ratios higher
than the design values results in the primary jet expanding
on outlet, and hence contracting the secondary stream be-
fore appreciable mixing can take place. Bailey and Wood1

observed that this could result in choking of the secondary
flow. Four such instances of sonic speed downstream of the
plane of the annular nozzle were observed with the present
tunnel by traverse of a static tube along the centerline of the
tunnel duct.

The measured conditions are tabulated in the first four
lines of Table 1. The measured flow characteristics of the
actuator nozzle corresponded to 0i2 = 0.95. Using this value
and knowing the nozzle shape, psf was calculated and is
given in the fifth row of Table 1 as a ratio of p-/. Increase
in this ratio increases the expansion of the jet at outlet from
the nozzle24 '25 and hence, as is shown in this table, reduces
the area of the secondary stream and consequently, under
choking conditions, also the working-section Mach number.

The final line in this table gives the calculated values of
Ms" using the isentropic flow analysis given by Lindsey.26

The agreement with the measured values is reasonable, the
effect of friction being to underestimate the reduction in
tunnel Mach number due to choking.

Appendix A : Jet-Pump Equations

The friction in either the primary or the secondary nozzles
is accounted for by writing the momentum equation in the
form

dp/p + (v/<i>n*)dv = 0

where 4>n is the friction coefficient. The corresponding rela-
tions for the one-dimensional flow then follow readily.25

Friction in the mixing tube is accounted for by writing the
f rictional force as C/^pv^S where the surface area S is given by

Table 1 (Measured and calculated
tunnel) Macli numbers for the condition of

choking of the tunnel flow at the actuator jet pump

Mw
cr
MS" (measured)
Pi/Pz
Ps'/Ps"
Mz" (calculated)

0 . 885
1.00
0.80
4.41
1.71
0.82

0 . 825
1 . 39
0.78
3.17
1.20
0.83

0.81
1.07
0 . 77
3 . 49
2.58
0 . 80

0 . 752
1.12
0.72
3.93
2.78
0.79

In the numerical examples it was found that ps'V2 wa
roughly the same as p^v^.

Following Winter by writing9

<£ == Vs'/vs" $ = p3'/p3"

ft ~ A," /A,'

K = 1 + (2C/L/D) M = m//

the mixing equations can be written

+ /3)/G8 + 1)] =

|S)/(jS + 1)] = C2

7/(7 - i)(p4/p4) + W - ((/"Mi + 0fe)/W + 0) = c.
Solutions for the properties after mixing are quadratic in
form. For the velocity,

C2/Ci ± {(Cy
(7-

2K - (7 -
Alternatively Weatherston's Mach number functions can be
used.27 When the pressure after mixing is specified a cubic
in /3 is obtainable. When additionally T\ = Tz, this reduces
to the quadratic

Af32 + B(3 + C = 0
where

72
- a

PS
- (a + I)2

(270: + 7 — 1)

B = (7 + l)

(2a + 1 +
1

1

7

- 7
72

!"
- ( «

7 H

+
7?

+

- 1

72

> r
!)(« + <

<t>t(2ya

<

*>V)

+ 7

+

Cssl (7

(7 + 1)(27« + 7 - 1)0V2]

Thus an iterative solution is not necessary for this case.10

Appendix B: Tunnel Running Time

The running time t of a tunnel operated with pi = const is
given by22

t = Vpr^/m/RTrQ[l - (pi/pro)1/?]
The nozzle mass-flow rate m3' is given by

S = AS)
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thus integration gives, for operation with varying nozzle
opening, and varying p,

Vpro 1 fpRf/Pn ( Pi\(l~j}/y , f PiI = — —-—— — i fj, i —— j d i —
m% RTTQ y J i \ pro / \ pro t
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