
DUCT EFFECTS ON THE DYNAMIC F.AN CHARACTERISTICS 

OF AIR CUSHION SYSTEMS 

TECHNISCHE HOGESCHOOL DELfT 
LUCHTVAART - EN RUIMTEVAARTIECHNIEK 

BIBLIOTHEEK 
Kluyverweg 1 - DELFT 

by 

3 JAN. 1 78 

M. J. Hinchey and P. A. Sullivan 

June, 1977 TIrIAS Technical Note No. 211 
CN ISSN 0082-5263 



'"' 

-----------------------------------------------. 

DUCT EFFECTS ON TEE DYNAMIC FAN CHARACTERISTICS 

OF Am CUSHION SYSTEMS 

by 

M. J. Hinchey and P. A. SUl.1ivan 

Submitted December, 1976 

June, 1977 
UTIAS Technical Note No. 211 
CN ISSN 0082-5263 



Acknowledgements 

This work was supported financially by the National Research Council 
of Canada and by Hover-Jak Limited thro1,lgh its IRAP program. 

ii 



Abstract 

During dynamic operation of an air cushion system, the fan operating 
point as seen at the · cushion does not move along·a static characteristic. 
Instead, it moves on a loop . Such loops have been observed experimentally by 
Durkin and Langhi (Ref . 1). This note shows that loop type behaviour can be 
predicted theoretically. The theory models the fan-duct-plenum system as a 
one dimensionaJ. acoustic vibration system. It uses the weIl known Method of 
Characteristics and a finite difference techniqueknown as the method of speci­
f'ied time intervals to solve for the pressure and flow variations which occur 
along the duct during unsteady operation. Several practical si4uations where 
the loop behaviour may be of importance are discussed. 
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Notation 

a Sound speed 

aij Coefficients in Jacobian watrix 

A •. 
~J 

Coefficients in inverse Jacobian matrix 

A Amplitude of pressure variation 

A Area 

Aa Valve flow area 

AOI 
Amplitude of flow area variation of vaJ.ve 

AOO Mean flow area of val ve 

C , 
0 Cl' C2 Coefficients in static fan charaC'teristic 

Cd Discharge coefficient 

Cp Head coefficient 

CQ Flow coefficient 

C+ C+ charaC'teristic line in x-t plane 

C - C- charaC'teristic line in x-t plane 

D Diameter of duct 

f Friction factor 

G Gravitational acceleration 

h Hover-gap 

J Jacobian matrix 

t p Plenum perimeter 

L Length 

N Fan speed (rps) 

P Pressure 

Q Flow 

R Characteristic dimension of an orifice 

R Gas constant for air 
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fan 

Sub scripts 
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co 

d 
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fan 

Reynolds number 

Distance along streamline 

Plenum cross-section at ground level 

Temp erat ure 

Time 

A nondimensionalized time 

Velo city 

Cushion volune 

Dead volume of cushion 

Distanee along duct from fan 

Density 

Factor used in method of characteristics 

Friction stress at duet wall 

Pressure difference across an orifice 

Space discretization 

Time discretization 

Amplitude of pressure pulse at fan 

Pblytropic exponent 

Frequency Cps 

Blade pas sing 

Connecting orifice 

Duct 

Equilibrium 

Fan 
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1. INTRODUCTION 

In Ref. 1, Durkin and Langhi presented experimenta.l results which 
showed that during dynamic operation of a centrifugal fan the operating point 
(Pf, Qf) does not move along a static characteristic. The test facility of 
Ref. lis shown schematically in Fig. 1. It consisted essentially of a centri­
fugal fan which discharged air into a plenum. Flow "from the plenum was regulated 
by a rotating valve. The fan was of the HEBA "type and was designed to operate 
at 3200 rpm while pumping 10,000 cfm of air against 100 psf. The facility is 
being used to investigate the static and dynamic performance of various fan 
systems for the proposed U.S. Navy 100-ton Surface Effect Ship (SES). The 
rotating va.lve simulates movement of the SES over a wavy sea . To establish 
the fan operating point, static pressure measurements were made at the volute 
exhaust, while now measurements were made in the fan inlet. Flow measurements 
made in the volute and in the exhaust duct were found to be unreliable. 

Typical results from Ref. 1 are shown in Figs. 2 to 4. Although not 
explicitly stated in Ref . 1, the data given indicate that the pressure and 
flow measurements were nondimensionalized according to standard fan laws, i.e., " 
(see Notation) 

Head Coefficient (1.1) 

Flow Coefficient = (1.2) 

The results show some of the closed curves or loops (dynamic characteristics) 
along which the operating point moved after transients associa"ted wi th start­
up of the rotating valve had "died away. The size and shape of the loops were 
found to be very much dependent on the valve frequency. For example, at the 
lower frequencies (e.g. Fig. 2), the deviation of the dynamic characteristics 
from the static characte:dstic was small, whereas, f'or the intermediate fre­
quencies (e.g. Fig. 3), the deviation was large. Also, as the valve frequency 
was increased, the negative pitch of the loops becrone steeper (Fig. 4). 

Note in Figs. 2 to 4 that there is an absence of sealing with respect 
to fan speed. This indicates that in adynamie situation the standard fan 
laws by themselves are not adequate. In Ref. 1, the effect was attributed to 
the distinct DC pressure levels associated with each fan speed and the flow­
limit crossover between the fan static curves and the rotating valve admittance 
curve. For example, at the higher fan speeds, i t was fel t that the fan probably 
controlled the flow to the plenum, whereas, at the lower speeds, the rotating 
valve admittance characteristic probably established the flow. 

It was concluded that performance curves used to characterize steady 
operation of the fan do not describe the dynamic behaviour of the fan system -
i.e., rotor, discharge volute, and plenum. Preliminary data analysis indicated 
that fluid inertia in the fan volute, compliance of air in the plenum, and 
compliance of the plenum walls were probably responsible for most of the loop 
behaviour. Other factors which may have had some effect are: fan rotor inertia,. 
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fan blade st all , inertia of the air in the inlet, 'inertia of the air in the 
exhaust duct, leakage of air from the volute back into the inlet due to 
inadequate sealing between the inlet bellmouth and the fan impeller, and 
leakage of air from the plenum. 

This note shows that loops, similar to those shown in Figs. 2 to 4, 
ean be predicted theoretically. The theory, which was developed for the system 
shown in Fig. 5, takes into account the inertia and compressibility of the air 
in the duct and th~ compressibility of the air in the plenum. The analysis is 
one dinensional in th at it assUIDeS that, at any position x along the ducting, 
eonditions are uniform across the cross-section normal to the duct axis. The 
theoretical development follows very closely that presented for hydraulic 
transients by Streeter and Wylie (Ref. 2). It uses the well known method of 
eharacteristics and a finite difference teehnique known as the method of 
specified time intervals • The characteristics method was used instead of other 
methods such as the equally well-known and somewhat simpler impedance methods 
(Ref. 2, p. lOl) for two reasons. Firstly, one aim was to investigate the 
initial start-up transients assoeiated with the first few oscillations of the 
valve. Also, tor the large valve area variations contemplated, it was felt 
neeessary to use nonlinear boundary conditions. The characteristics method can 
include both of the ab ave , whereas the impedanee method cannot. The details 
of the analysis are given in Appendix A. The computer program is given in 
Appendix B. For all of the results obtained, the fan operating point was 
defined as the pressure and flow immediately upstream of the connecting orifice 
(see Fig. 5). 

2. OillLINE OF THE THEDRY AND ITS ASSUMPI'IONS 

2.1 Outline of Theory 

The two partial differential equations gaverning the one dimensionaJ. 
flow of air in a duet are (see Notation; Fig. 5): 

Conservation of Momentum 

(2.1) 

Conservation of Mass (Continuity) 

oV 1 ( OP ÖP) 
Pe öX + a2 V dX + Ft = 0 (2.2) 

For Eq. (2.2), the compression-expansion processes were assumed to behave 
pOlytropically. The equations are quasi-linear and hyperbolic. Because of 
their hyperbolic nature, they ean be reduced to ordinary differential equations 
by the method of characteristies. The ordinary differential equations are: 
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dV + 1 dP + t:V Iv I :::; 0 
Pe dt a: dt Pe 2D 

dx 
on dt :::; V + a 

dV 1 dP + :fV IV I 
P e dt - ä dt P e 2D :::; 0 

dx 
on-=V-a dt 

(2.3) 
C+ 

(2 .. 4) 

• (2.6) 

Equations (2.4) and (2.6) describe charac'teris'tic lines in the x-t plane alo:qg 
which Eqs. (2.3) and (2.5) are valid. The C+ pair of equations are associated 
with the C+ charac'teristic, and the C- pair are associated with the C- charac­
teristic. A sketch of the characteristic lines is shown in Fig. 6. They are 
almost straight lines in 'the present application because V + a ~ a. If con­
ditions are known at positions R and S in the x-t plane, then conditions at 
position P can be obtained by integrating numerically e.quations (2.3) and (2.5) 
along their respective characteristic line. 

The ordinary differential equation system can be solved numerically 
by any one of a number of finite difference techniques. The 'technique used 
here is known as 'the method of specified time intervals (Ref. 2, p. 32). For 
this, the discretizations of space and time are specified. The procedure, 
which isvery much like an Euler integration, leads 'to an orderly numerical 
solution on a digital computer. The finite difference forms of the equations 
are (see Fig. 6): 

~ - ~ :::; (V R + a) (tp t R >-

1 (pp - Ps) 
Vp - Vs - PS

é 
a + ~ Vs/Vs/(tp - t s ) = 0 

(2.3).' 

(2.4)" 

(2.6)' 

At time t, condi'tions are known at.positions A, C, and B. Conditions at R . 
and S are obtained using Eqs. (2.4)' and (2.6)' and a linear interpola ti on • 
With known conditions at R and S, conditions at posi'tion P are then ob'tained 
from Eqs. (2.3)' and (2.5)'. 

For all but a few of the theoretical re'sults ob'tained, a static fan 
characteristic of the form (implies no loop at fanT-
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was used as the upstream boundary condition on the duet flow. Q,uasi-steady, 
inviscid incompressible, orifice flow equations of the form 

Q, ~ CA ~r 2~ (2.8) 
d ' p 

e 

were used as boundary conditions at the connecting orifice and at~he variable 
orifice. 

Figures 7 and 8, from Ref. 2, show same applications of the character­
istics theory to hydraulic transients. The agreement between theory and experiment 
can be seen to be very good. In Ref. 3, it was shown that the theory could also 
be used to calculate the transients which occur in the piping connecting a super­
charger and the manifold of an internal combustion engine. 

2.2 Discussion of Ass~tions 

In Section 2.1, a numoer of assumptions were employed. For example, 
for the conservation of mamentum equation, it was assumed that the friction 
force acting on a fluid element due to its motion relative to the duct was of 
the Darcy Wei sb ach type. For this, the flow must be turbulent. Here, a 
typical Reynolds number for the duct flow is Re = 100,000. So, the friction 
force assumption should be adequate. The results presented in Ref. 2 indicate 
that it is a reasonable assumption. For the c:onservation of mass e quati on , we 
assumed that the thermodynamic compression-expansion processes were polytropic. 
This assumption introduced ·the sound speed into the analysis. lts limits are 
the isentropic and isothermal approximations. By definition, all isentropic 
process is one that is adiabatic and frictionless, whereas all isothermal 
process is a constant temperature process. Now, as mentioned above, the duct 
flow in the present case is ·turbulent. Thus, the flow will be dissipative and 
not frictionless. However, it can be shown that, here, the work done on a 
typical fluid element by the friction force is smallorder of the work done by 
the pressure force. So, at least in this respect, the now should behave as 
if it were frictionless. Also, arguments presented in Ref. 4 indicate that 

' heat conduction along the duct will not be significant for the frequency range 
considered in this report. Thus, if we assume no heat flow through the duct 
walls, the thermodynamic processes should be approximately adiabatic. From the 
above, we conclude that the compression-expallsion processes for the duct flow 
are approximately isentropic. S imil ar· arguments indicate that the compression­
expansion processes occurring within the plenum are also approximately isentropic. 

Another assumption, mentioned previously, is that the flow is one 
dimensional. For the duct flow, there are two reasons why this should be a 
good assumption. First, the flow is turbulent. Thus , conditions should be 
uniform across cross-sections normal to the duct axis. Second, the duct 
length to diameter ratio is sufficiently large. However, for the plenum, 
where, here, the length to diameter ratio is only 0.5, the assumption is not 
valid. The flow in this case is known to be at least two d.imensional (Ref. 5). 
Vortices, formed by entrainment of air by the inlet orifice feed jet, are usually 
present. Thus, it is to be expected that nothing would be gained by using the 
method of characteristics approach for the plenum flow. In fact, because, as 
will be shown later, the characteris tics approach indicates that there is very 
little variation of pressure along the plenum, one would expect that the standard 
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lumped volume approach would be just as adequate. Both approaches were used 
and were found to give nearly identical results. -This indicates that, in the 
limit as the plenum or duct length becomes very short relative to its diame-ter, 
the method of characteristics approach goes over naturally tothe standard 
lumped volume approach. In Appendix A, the characteristics approach is used 
for the duct flow and the lumped volume approach is used for the plenum. 

Finally, it must be remembered that the inviscid incompressible 
orifice flow equation (Eq. 2.8) ,used as the duct downstream boundary condition, 
is a steady-state equation. Tt is derived fr om Euler's equation, i.e., 

?N 
P ()t 

local 
term 

+ pV 
oV 
'dS 

convecti ve­
term 

OP +'dS -= 0 

by assuming the flow to be steady and p to be constant, i. e. , 

o (2.10) 

Integrating Eq. (2.10) with respect to S gives Bernoulli's equation, i.e., 

1 2 '2 Pe V + P = constant (2.11) 

from which 

Q = Cd A Vc (2.8) 

follows directly. For this equation to be applicable in adynamic situation, 
two conditions must be met. First, the time required for a pressure change 
on either side of the orifice to propagate the extent of the orifice must be 
small compared to the time for one cycle of oscillation of the valve. Second, 
the local acceleration term in Euler's equation must be small compared to the 
convective term. With regard to the first condition, it is known that the 
time required for a pressure change to propagate the extent of the orifice is 
of the order of the time required for a sound wave to travel the extent of the 
orifice. For the present work, this time is of the order of 5 x 10-li seconds 
or less. For most of the results obtained, the valve frequency was w = 5 cps. 
Thus, the time for one valve oscillation was on the average 0.2 seconds. Thus, 
as the wave propagation time was on the average only 0.25% of the valve oscilla­
tion time, we can assume that the first condition has been satisfied. With 
regard to the second condition, it is known from potential flow theory that, at 
distances greater than about one characteristic length (hover-gap or orifice 
radius) upstream of an orifice, the flow is very much like sink flow (Ref. 6). 
The streamlines are almost radial and form reasonably well-defined channels. 
Thus, for steady flow, we can use simple continuity arguments for flow in con­
verging channels to relate approximately the veloci ties at various radial posi-tions. 
We find 
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(2.12) 

where S is the distanee along an orifice streamline, R is the characteristic 
dimension of the orifice, and Vc is the velocity at some selected point. Here, 
we choose for this point the venacontraeta of the orifice where . 

• ·1 

v =)2& 
c Pe 

(2.13) 

Now, if we assume that Eqs. (2.12) and (2.13) are valid in the dynamic situation, 
then we can estimate the magnitudes of the local and convective aecelerations 
appearing in Eq. (2.9). This is done as follows. First, '1e let the driving 
pressure ~ vary sinusoidally according to 

lif = liP + A Sin(27r wt) e 
mean perturbation 

(2.14) 

Substituting Eq. (2.14) into Eq. (2.13) and then Eq. (2.13) into Eq. (2.12) 
gives an expression for V as a function of time. Thus, by differentiation, we 
have oV /ot. Similarly, as we know V as a function of S, we ean also calculate 
V öV/às. Taking only the maximum value of each of these terms, we can form the 
ratio 

R = Maximum Local Acceleration 
L/C Maximum Convective Aeceleration (2.15) 

If this calculation shows that the local term is on the average mueh smaller 
than the convective term, then use of Eq. (2.8) will be justified. Calculations 
of this type show that, here, for the valve (slot orifice), RL/C was on the 
average only 0.005 (0.5%). Thus, for the valve, Eq. (2.8) was adequate. However, 
for the connecting orifice (circular orifice), the calculations show that RL/C was 
on the average as much as 0.15 (15%). The percentages were found to increase 
linearly with valve frequency. The values given above were for w = 5cps. For 
w = 20 cps, the percentages were '2!'/0 and 60%. This result . indieates that use 
of Eq. (2.8) for the eonneeting orifice when w was of the order of 20 eps was 
not justified. The errors present at w = 5 cps are probably tolerable. RL/C 
was found to depend linearly on the eharacteristie dimension of the orifice, 
i.e. , 

Rw 
RL/ C ex V-

ce 
(2.16) 

For the valve (slot orifice), the characteristic dimension is the slot width 
(here the hover-gap). For the connecting orifice (circular orifice), the 
characteristic dimension is the radius of the orifice. This explains why there 
is such a large difference between RL/C for the valve and RL/C for the connecting 
orifice. 
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3. RESULTS 

3.1 System Geometry 

The system of' Ref'. 1 dif'f'ers appreciably f'rom the model of' Fig. 5. 
So, any application of' the characteristics theory developed here to it would 
be very approximate. The results presented here are f'or a system which 
resembles closely the theoretical model. The system considered is the basic 
component of' a Canadian AGV raf't known as the HJ-15 and consists of' one 
slightly tapered cell connected to a f'an by a duct. Its dimensions are given 
in Table 1. 

Average Diameter of' Ce11 

Height of' Ce1l 

Inlet Feed Orif'ice Diameter 

Diameter of' Duct 

Typical Hover-gap 

Duct Friction Factor 

Duct Length 

Table 1 

Geometry of' HJ-15 Ce1l 

= 

= 

1.83 metres (6.0 f'eet) 

0.915 metres (3.0 f'eet) 

0.305 metres (1.0 f'oot) 

0.457 metres (1.5 f'eet) 

0.636 cm (1/4 inch) (Ref'erence) 

0.07 (Ref'erence) 

Amplitude of' Hover-gap Variation 

7.62 metres (25 f'eet) (Ref'erence) 

0.318 cm (1/8 inch) (Ref'erence) 

Polytropic Exponent 

Fan Speed = 

Fan Impel1er Diameter = 

3.2 General Features of' the Results 

1.4 (Ref'erence) 

28.3 rps (1700 rpm) 

1.25 metres (4.08 f'eet) 

The results were obtained by varying the valve area according to the 
re1ation 

A = A I Sine 21T wt) + A o 0 00 
(3.1) 

where, at time t = 0, conditions throughout the system were steady. Most of the 
results show "the final c10sed loops along which the operating point moves after 
transients associated with start-up of' the valve have died away. As mentioned 
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previously, here, the operating point is defined as the pressure and flow 
immediately upstream of the eonnecting orifice. Note that this definition is 
slightly different from that of Ref . 1. Also, the pressure-flow results have 
been nondimensionalized according to standard fan laws. For all results , the 
mean flow area of the valve (i.e., Aoo) was equal to the exit area from the 
eell when it is operating at a hover-gap of 0.64 cm (1/4"). Also, the starting 
values of Cp and CQ were the same (or nearly the sam~) for all results presented. 
The numerical aecuracy of the results was checked by-refining the x-t grid and 
was found to be adequate (less than 0.1% error). 

Some typical theoretical results are shown in Fig. 9. For these, the 
duet length is typical for HJ-15 cells which are far from the fan. Also, AoI = 
Aoo/2. This corresponds to a heave motion of ampli tude 0.32 cm (1/8"). At the 
upstream end of the duct a constant pressure source was imposed. The arrow 
pointing along any given loop indicates the sense in which the operating point 
is moving. For example, for the W = 1 cps result, the operating point is moving 
in a counter-clockwise sense. The arrow approximately normal to the loop and 
pointing at a specific point on the loop indicates the position of the operating 
point at the beginning of the fifth cycle of oscillation of the valve (at this 
point Aa = Aoo). This gives some idea of the phase relationship between the 
operating point motion and the valve motion. The results can be seen to resemble 
in many respects those presented in Ref. 1. For example, at the lower frequency 
(i.e., W = 1 cps), the deviation of the dYnamic characteristic from the static 
characteristic is not very large. As the frequency of valve motion increases, 
the deviation at first increases and then decreases. Also, the negative pitch 
of the loops becomes steeper as w is increased. The arrows normal to the loops 
show that the operating point motion tends to lag the valve motion as the valve 
frequency is increased. This lagging is probably due mostly to the inertia of 
the air in the duct. Because of the inertia, time is required to accelerate 
and decelerate the flow. The result is a tendency for the flow to lag the 
pressure. 

It is also apparent that the pressure fluctuations peak at a certain 
valve frequency (Fig. 10). This effect is discussed in ~ef. 2 as follows. It 
is known that the time taken for a pressu,re wave to travel the length of a pipe 
of length L is 

L 
t =­a 

Associated with this time is a pipe natural frequency given by 

" 

(3.2) 

For a 7.62 metre pipe, wn"'" 11 cps (7 = 1.4). · When the pipe flow is forced at 
frequency wnby a rotating valve at the downstream end, a · velocity node and 
pressure peak oecur inmiediately upstream of the val ve. In other words, for 
this frequency, the flow at the valve is essentially fixed while the pressure 
fluctuations attain their maximum value; the pressure-flow operating point 
moves up and down on a vertieal line. Now, for a series system in which the 
downstream pipe has a much larger cross-section than the upstreaul. pipe, the 
situation is much more complex. For this, it is found that, whereas a velocity 
node still occurs at the pipe jWlction when the valve frequency is around Wn, 
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the pressure at the junction does not peak at Wn' Instead, the pressure peaks 
at a much lower frequency. This is basica11y what is happening in Figs. 9 and 
10. 

Figures 11 and 12 show some of the results of Fig. 9 in more detail 0. 

Figure 11a, for examp1e, shows some of the initial transients associated with 
start-up of the valve. The gener al trend is that, as the va1ve frequency is 
increased, the transients persist for more cyc1es of osci11ation. Figure 11b 
gives plots of Cp and CQ .versus a nondimensiona1ized time TNON where 

TNON == t w (3.4) 

TNON is basical1y just the number of cyc1es of valve osci11ation completed. 
Besides showing transients associated with va1ve start-up, the results show 
c1ear1y how the phase re1ationships of the pressure and flow wi th respect to 
valve motion vary with va1ve frequency. Figure 12a shows how the pressure 
varies with distance a10ng the duct and the plenum when the operating point 
pressure is at its maximum va1ue. For these results, a computer program in 
which both the duct and the plenum were modelled by the characteristics approach 
was used. For osci11ations of the valve at frequencies higher than Wn, one can 
see that the maximum pressure f1uctuations do not occur immediate1y upstream of 
the connecting orifice. Also, these results show that the variation of pressure 
with distance along the plenum is very smal1. This, as mentioned previous1y, 
indicates that, for the plenum, a 1umped voltune approach is adequate. Figures 
12b and 12c compare loop shapes at different positions along the duct. 

3.3 Effects of Varying Se1ected System Parameters 

Figure 13 gives typica1 loops obtained with a duct of 1ength 3.04 
metres (10 feet). This length is typical for HJ-15 ce11s which are situated 
close to the fan. All other system dimensions were the same asthose for 
Fig. 9. For the results , a typical static fan characteristic was imposed at 
the upstream end of the duct (fan). The results can be seen to display char­
acteristics simi1ar to those of Fig. 9. The most noticeab1e difference is 
that here the deviations of the dynamic characteristics from the static char­
acteristic are much smaller. This iS' to be expected because, in the limit as 
the duct 1ength goes to zero, the differences between static and dynamic 
characteristics must also go to zero. This is because we have imposed a static 
characteristic at the fan. 

~igure 14a shows a po1ytropic exponent effect. For this, the reference 
is the w == 5 cps result of Fig. 9 for which the po1ytropic exponent was" == 1.4 
(isentropic). The po1ytropic exponent enters into the ana1ysis through the 
definition ofthe sound speed, i.e., 

a == ,J"RT 

Because it affects the sound speed, it also affects the duct natural frequency 
wn through 

(3.6) 
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and the amplitude of the pressure fluctuations through (see Appendix A) 

where & is the change in pressure at a particular point in the duct over one 
time step (friction ignored) . 

Equation (3.6) indicates that, for the isothermal case (r = 1.0), 
the natural frequency should be approximately 84% of Wn for r = 1.4, whereas 
Eq. (3.7) indicates that the amplitude of the pressure fluctuations should 
be smaller for the isothermal case. The results presented in Fig. 14 show that 
the natural frequency for the isothermal case is approximately 80% of Wn for 
)' = 1.4, while the amplitude of the pressure fluctuations for the isothermal 
case is approximately 87% of the amplitude obtained for r = 1.4. Thus, the 
arguments just used to explain the polytropic exponent effect are in agreement 
with the results obtained. 

Figure 15 shows that the friction factor does not have a significant 
effect. This indicates that the motion of a fluid element is dominated by the 
pressure gradient force and not by the friction force. So, during steady 
oscillations, we have basically just a balance of inertia and pressure forces. 
If we consider the air in the duct as a whole, the results show that the 
maximum pressure force acting on this air is of the order of 155.5 newtons 
(35 lbs), whereas the friction force is of the order of 3.55 newtons (0.8 lbs). 
Thus, the results of Fig. 15 are not surprising. 

When the hover-gap of a plenum type air cushion varies, the cushion 
volume also varies. This can be seen from 

lfo 

dead 
volume 

+ Sb h (3.8) 

plenum hover-gap 
cross-section 

at ground 
level 

For all but a few of the results obtained, this change in volume was not accounted 
for. Figure 16 shows th at its effect is significant. Here, the cushion volume 
changed by only 0.35% of its equilibriumvalue. This indicates that, for air 
cushions which experience large changes in cushion volume, the effect could be 
very large. This situation might occur for example in overwater operation when 
there i s wave pumping. 

Figure 17 shows the effect of doubling the amplitude of area variation 
of the variable orifice . As mentioned previously, Aal = Aoo/2 corresponds to a 
heave motion of amplitude 0.32 cm (1/8"). Thus, here we are examining the effect 
of increasing this amplitude to 0.64 cm (1/4"). In Fig . 17, there are two important 
effects to note. First, the amplitude of the pressure fluctuations for the Aal = 
Aco case is approximately double that obtained for Aal = Aoo/2. Second, for the 
AoI = Aco case, there is, at times, reverse flow at the connecting orifice. For 
this case, there was also reverse flow at the fan . It is obvious that this could 
have important consequences in practice. Figure 18 shows the loop obtained wi th 
Aal = Aao/100. This result is very important because it shows that, even when 
the amplitude of the area variations is very small, loops, similar in form to 
those obtained for large area variations, still occur. In Section 3.4, we show 
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that this may have important consequences tor linear heave stability studies, 
where we deal. with the amplification or decay of small disturbances to an air 
cushion system. Table 2 summarizes some of the results of Figs. 17 and 18. 
It shows that, contrary to what might have been expected, the output tcp is 
aJ..most ;Linearly related to the input M. The reason for this is not clear. 

Table 2 

Summary of Results of Figures 17 and 18 

Input Output 
OutI!ut 

M tcp 
% % Input 

2 2.04 1.02 

100 105 1.05 

200 208 1.04 

2AoI Peak to peak Area Variation 
bA = ~ = Mean Area 

00 

Peak to Peak Cp Variation 
Mean Val ue of Cp 

For the results presented so far, a static characteristic of the form 

was imposed at the fan. However, just immediately downs tream of the fan blades, 
there may be small pressure and flow fluc'tuations associated wi th the fan blade 
motion. This blade passing frequency effect can be simulated by replacing Eq. 
(2.7) by 

Pfan is the equilibrium or mean value of the fan pressure. Wh is the blade 
passing frequency. The boundary condition imposes at the fan a small sinusoidal 
pressure disturbanc~. With Pfan known as a function of time, Vfan can be obtained 
directly from ~he C charac·teristic equation (see Appendix A, Section A3). Figure 
19 shows a typical. result obtained with the small pressure oscillation imposed at 
the fan. For this, we let Wh = ·w = 5 cps and ~fan = 1 psf. Note that, in this 
case, a pressure-flow loop occurs at the fan. It appears that the small loop at 
the fan does not have a significant effect on the loop shape at the connecting 
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orifice. This is important because i t suggests th at , for the present work, 
fan boundary conditions of the form given by Eq. (2.7) are adequate. 

Figure 20 compares two loops for which the nondimensional static 
charaeteristics at the connecting orifice were the same but for which the 
dimensional values of pressure and flow weredifferent. The comparison shows 
the failure of the fan scaling laws, and it agrees with the comparisons presented 
in Ref. 1. The failure to scale is probably due to the dynamic nature of the 
situation. For example, when one uses an impedance method (see Ref. 2), similar 
"to that used to study steady voltage-current fluctuations on a transmission line, 
one finds that the impedance of the duct system is a 'complex' function of the 
forcing frequency, the physical properties of the duct, and the boundary condi­
tions. The boundary conditions contain equilibrium values of pressure and flow 
velocity . Thus, the impedanee of the duet depends in a complex way on the DC 
pressure levels. So, it is not surprising that fan sealing laws developed for 
the steady performance of fan systems break down here. Another reason for the 
failure to scale is that there are two characteristic periods for the system. 
One is associated with the fan speed while the other is associated with the duet 
length. 

3.4 Situations where the Loop Behaviour may be of Importanee 

Figure 21 shows schematically the tJrIAS heave table facility. This 
facility was used recently to study the statie and dynamic performance of a 
TACV system known as the Hinged Lip Model (Ref. 7). As can be seen in Fig. 21, 
the model was connected to a fan by a long duet. To determine whether or not 
the long duet had a significant effect on the model's frequency response, 
several tests were performed with a large tank placed at the end of the duet, 
as shown. As mentioned in Ref. 2, the large volume of such a tank should 
reduce pressure fluctuations associated with the duct. Some typical comparisons 
of results obtained with and without the tank are given in Table 3. As expected, 
the most noticeabiè effect of the tank is a large reduction in the percentage 
pressure fluctuations about the equilibrium pressure. For the case where the 
bag feed area was only one tenth of the cushion feed area (highly damped case), 
the tank limi ted the rms value of the model heave motion at resonance to approx­
imately 65% of the rms value obtained without the tank. For the case where the 
bag feed area was three times the cushion feed area (lightly damped case), the 
tank did not have much of an effect. Note the large pressure peaks which occur 
at approximately three times the natural frequency of the system when the tank 
is not installed. A possible explanation for these isthe following. In Ref. 
2, it is shown that, for a single pipe with an oscillating valve at the downstream 
end, the pressure immediately upstream of the valve will peak at the odd harmonies, 
i . e ., 3wn, 5wn , etc. However, when a very large volume is placed between the 
pipe and the valve, these odd harmonies do not appear. The volume in this case 
acts as a filter. This seems to be what is occurring in the results of Table 2. 
The conclusion to be drawn froni this is that frequency response results obtained 
from model tests should not be applied to actual systèms when there are appreciable 
differences between the model ducting and the ducting present in the real system. 

As a final example, consider the heave stability of an air cushion 
system. For linear, lumped-parameter, heave stability analyses, i t is usual to 
assume that the pressure-flow operating point immediately upstream of the inlet 
feed orifice moves on a statie charaeteristic. Typical examples of such char­
acteristics are shown in Fig. 22a. We know from Fig. 18 that, even when the 
hover-gap variations are very small, the operating point does "not move along 
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such a characteristic. Instead, it moves on a loop. The shape of the loop 
along which the operating point moves depends very much on the natural frequency 
of the air cushion. This is because the system will tend to oscillate at this 
frequency. For example, if the natural frequency of the cushion Wn is much 
lower than the duct natural frequency wd, then the operating point will move on 
a loop which does not deviate much from the static characteristic. Thus, in 
this case, if the static characteristic is a constant pressure source, then the 
loop will closely approximate such a source (Fig. 22b - Wn «Wd)' On the other 
hand, if the natural frequency of the cushion is of the order of the duct natural 
frequency, then the loop for a constant pressure source will not closely approx­
imate such a source. Instead, the loop will approximate a constant flow source 
(Fig. 22b - wn = O(Wd))' Figure 23 shows typical lumped parameter heave stabili ty 
boundaries for a HJ-15 cello These were obtained using the linear heave stability 
analysis of the system presented in Appendix D of Ref. 5. The point to note in 
Fig. 23 is that, as the hover-gap goes to zero, a constant pressure source tends 
to give infinite stability, whereas a constant flow source tends to give no 
stabili ty . Thus, one can seethat, if the cushion natural frequency is such 
that small heave oscillations q;enerate a loop which approximates a constant 
flow source, then stability results obtained assuming the operating point to 
move on a constant pressure static characteristic could be very much in error. 

4 . C ONC LUS IONS 

This note has shown that the dynamic fan characteristics of an air 
cushion system can differ appreciably from its static characteristic. The 
differences were found to be associated with the ducting connecting the fan 
and the air cushion. It is thus concluded that care must be exercised in 
applying theoretical or experiment al results to actual systems when there are 
appreciable differences between the model ducting and the ducting present in 
the real system. 
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APPENDIX A 

DErAILS OF THE THEORY 

A.l Governing Equations 

The system considered is shown in Fig. Al. It consists essentially 
of a pipe connected to a plenum by an orifice. For most of the results obtained, 
the pipe (volute or supply ducting) had a statie fan characteristic as its 
upstream boundary condition. The plenum had a variable orifice (valve) as its 
downstream boundary condition. The latter boundary condition simulates a 
varying hover-gap. The analysis is one dimensional in that it assumes that, at 
any position x along the ducting, conditions are uniform across the cross-section 
normal to x. 

The equations governing the pipe flow are the momentum and continuity 
equations. Figure A2. shows a typical fluid element within the pipe system. 
Balancing the pressure, friction, and inertia forces acting on this element, 
one obtains 

PA - ( P + ~ 5x ) A - T
0

1r D 5x = pA 5x V 

where the various symbols in (Al) are 4efined in the notation. 
reduces to 

(Al) 

Equation (Al) 

(A2) 

when the pipe is circular, i.e., A = nn2/4. Using the Darcy Weisbach expression 
for the friction stress, i.e., 

P f V lvi · 
8 

and the ideal gas relationship, i.e., 

Eq. (A2.) reduces ·to 

RT öP + f V Iv I + V = 0 
-äX 2D p 

(A3) 

(A4) 

(A5) 

The bar over the P indicates an absolute value. Now, for the results obtained, 
the maximum pressure variation ab out the equilibrium (initial) value was approx­
imately 20 psf. The densi ty and temperature variations associated wi th this 
pressure variation are less than 1%. Thus, where the density appears as a 
coefficient, i t is possible to assume i t to be constant. Here, we let i t be 
equal to its average value, i.e., 

(A4) 

A-l 



Sa, Eq. (A5) can be rewritten as 

LOF +fvlvl +v=o 
p öX 2D e 

V is made up of twa campanents, i.e., 

v = V ?JV 
öX 

+ ?JV 
öt 

Canvective Lacal 
Term Term 

Thus, with Eq. (A6), Eq. (A5) further reduces ta 

Cant~nuity requires that the rate of increase of mass of the element must 
balance with the influx of mass acrass the element baundary, i.e., 

pAV - ( pAV + A ~ (pV) 5x ) = ~ A 5x 

or 

(A5) 

(A6) 

(A7) 

(A8) 

(A9) 

Far this, it has been assumed that the pipe is rigid and has a crass-sectian 
which does not vary with x. As 

(AlO) 

Eq. (A9) can be rewritten as 

oV . 
Pe öX + P = 0 (All) 

Assuming the campressian-expansian pracesses ta behave palytrapically, i.e., 

p 
- = K (Al2) 
pi 

ane can write 

(Al3) 

where 

a = ,J.,RT (Al4) 

A-2 



is an effective sound speed. With Eq. (Al3), Eq. (All) reduces to 

L2=~+ 1 2 (V!+~)=O (Al5) 
Pe a 

Equations (A7) and (Al5) govern the one-dimensional flow of air in a pipe. 

A.2 Method of Characteristics 

Equations (A7) and (Al5) are two coupled quasi-linear hyperbolic 
partial differential equations. Because of their hyperbolic nature, they can 
be reduced to four ordinary differential equations by the method of character­
istics. The first step in this reduction consists of mutiplying 12 by À and 
adding the result to Ll' i. e . , 

L = Ll + ÀL2 = 0 

= (!... OP + f vivi + V ?JV +?JV) + 
P ~ 2D dX ' dt e 

+ r À ?JV + À _1 (V OP + OP )l l di P a2 dX dt 
e 

We can rearrange Eq. (Al6) to get: 

?JV ?JV À {( a 
2 

) OP OP} (V + À) §ë + ~ + P a2 V + -::;: di + dt 
e 

+ f V Iv I = 0 
2D 

If P = p(x, t) and V = V(x, t) are the solutions of the partial differential 
equations, then from calculus 

Thus, if 

a2 
dx=V+'=V+~ dt 1\ 1\ 

which implies À = ±a~ th en Eq. (Al7) becomes 

A-3 

(Al6) 

(Al7) 

(Al8.1) 

(Al8.2) 

(Al9) 

(A20) 



Substituting the values of À into Eqs. (Al9) and (A20) gives four ordinary 
differential equations, i. e. , 

dV + --L dP + f V Iv I = 0 
dt Pea dt 2D 

dx 
on dt = V + a 

dV _ --L dP + f V Iv I = 0 
dt P a dt 2D e c 
dx 

on dt = V - a 

(A21.1) 

(A21.2) 

(A21.3) 

(A21.4 ) 

The solutions of Eqs. (A21.2) and (A21.4) give the characteristic lines in the 
x-t plane along which disturbances given by Eqs. (A21.1) and (A21.3) propagate. 

A.3 Solution of the Ordinary Differential Equations 

The ordinary differential equations can be solved numerically by a 
first-order finite difference technique known as the method of specified time 
intervals . This technique is-basically just a simple Euler integration. The 
finite difference forms of the equations are (see Fig~ ,A3): 

1 
V - V +-

P R PH e 

x -P 

1 
V - Vs P PSe 

~-

(A22.1) 

~ = (VR + a)(tp - t R) (A22.2) 

(pp - PS) f 
- t ) = 0 a + 2D cV S Iv s I ( t p S 

(A22.3) 

Xs = (V -S a)( t p - t s ) (A22.4) 

• 

where ~t = tp - tR = tp - tso To be able to solve for conditions at position 
p in the x-t plane, conditions at positions R and S must be known. With /:s){ 
and Lxt specified and wi th known condi tions at A, B, and C, one can obtain 
conditions at R and S by linear interpolation. For example, 

(A23) 

Using Eq. (A22.2), Eq. (A23) becomes 
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0.' ... 

or 

where e = bt/ tsx. . Solving for YR, one obtains 

Similarly 

and 

Vc - (Vc - VA)ae 

VR = 1 + e(vc - VA) 

Vc - (vC - vB)ae 
Vs = 1 - e(vC - YB) 

PR = Pc - e(VR + a)(PC - PA) 

Ps = Pc + e(vS - a)(pC - PB) 

(~4) 

(A25) 

(A26) 

(A27) 

(A28) 

(A29) 

To simplify the solution of equations (A22.1) and (A22.3) for Vp and Pp, we 
let P:Re = PSe = PCe and finally get I 

1 { 1 (PR - ps) f } 
V P ="2 V R + V S + -, - - 2D bt( V R Iv R I + V S Iv S /) 

PCe a 
(A30) 

For stability and convergenee of the finite differenee seheme, bt must be less 
than ~ divided by (V + a). 

A.4 B oundary Condi ti ons 

Fan 

For most of the results obtained, a statie fan eharaeteristie of the 
form 

(A32) 

was used as the fan boundary eondition. Effeetively, this eondition ,was 
imposed immediately downstream of the fan blades. To be able to solve for 
Pfan and Vfan at time t + ~t, one other equation relating these two unknowns 
is requ:ir ed. The equation available here is the C- eharacteristie equation, 
i.e. (see Fig. A4), 
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where as before 

and 

Vc - (Vc - ~B)ae 

Vs = 1 - e(vc - YB) 

(A33) 

(A27) 

(A28) 

We can solve Eq. (~33) for Pf'an in terms of' Vfan and substitute into Eq. (A32) 
to get a quadratic in Vfan. Solving the quadratic in the usual manner gives 
Vf'an and thus Pf'an.For more gen~ral characteristics, such a procedure will 
not wor~. Instead, a.n iterative procedure such as the Newton Raphson i teration 
must be ~loyed. Here, we illustrate this procedure by applying it to Eqs. 
(A32) and (A33). For this, ·the equations must be put into the form Fi = 0, i.e., 

(A34) 

(A35) 

The derivatives of thes~ two equations wi th respect to the unknowns Pf'an and 
Vf'an are 

OFl 
all=~=l 

fan 

OFl 
a12 = §V fan - -

dF2 1 a21 = 
&fan 

= - --,--
PSe a 

OF2 = 1 a22 = 
dVfan 

The der i vati ves are el~men1;;s of' the Jacopian matrix, J, i. e . , 

J = 

A-6 

(A36) 

(A37) 



The inverse Jacobian matrix is 

1\1 1\2 

A21 A22 
(A38) 

where 

All 

a22 
1\2 

_ -a
12 = -- - Det Det 

(A39) 

A21 

-a
21 

A22 = 
all 

= Det Det 

where Det is the de·terminant of the Jacobian matrix, i. e . , 

The Newton Raphson iteration formulae are 

(A41) 

(A42) 

In some of the results obtained, a blade passing frequency effect was simulated 
by replacing Eq. (A32) by 

Pfan = Pfan + LPfan Sin(27T ~ t) (A32) 

Pfan is the equilibrium or mean value of the fan pressure. Wh is the blade 
passing frequency. The boundary condition imposes at the fan a small sinusoidal 
pressure disturbance. We assume the pressure disturbance is associated with a 
blade passing frequency effect. With Pfan known as a function of time, Vfan 
can be obtained directly from the ., C- characteristic equation. 

Connecting Orifice • 

For this case, the unknowns are Pco and Vco ' These are respectively 
the pressure and the velocity immediately upstream of the connecting orifice 
at time t + 6.t. As a boundary condition, we use the quasi-steady, i;nviscid 
incompressible, orifice flow equation 

J2(P - P ) 
V Ad;::: Cd A . __ c_o ___ c.-

co co p e 
(A43) 

This reduces to 

(A44) 
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J 
I 

wbere 

C co 

For Pc' we use i ts value at time t. Now, as before, we require one other 
equation relating Peo and Veo. The equation available here is the C+ character­
is·tie equation, i.e., 

(A46) 

where VR ;md FR are known interpolated, values at time t. Again, we can solve 
(A46) for Peo in terms of Vco and substitute into (A44) to get a quadratic in 
Vco. Alternatively, we could use a Newton Raphson iteration. In the computer 
program, a Newton Raphson iteration is used. 

A.5 Lumped Parameter Equations for a Rigid Plenum 

For a plenum which is fixed in the inertial reference frame, there is 
basically only one lumped parameter equa;tion. This equation was derived in 
Appendix A of Ref. 5 and is ba.sically just a statement of conservation of mass, 
i. e. , 

dP c 
dt = (A47) 

where 

Jf:::Jf +Sh 
c 0 b 

::: Plenum Volume (A48) 

J
2'~ p) 

Q ::: C A _~co~_...;;c_ 
c d co p 

e 
= Plenum Inflow 

Np 

Q ::: CdA ~ a 0 p e 
= Plenum Out flow (A50) 

where 
(A5l) 

or 
(A52) 

~n the computer program, Eq. (A47) is integrated numerically by a fourth order 
Runge Kutta procedure. Thetime step for this integration is fixed and is the 
same as that used for the duct integrations. 
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APPENDIX B, COMPUTER PROGRAM LISTING 

C OY NAMIC FAN CHARACTERISTICS OF AIR CUSHION SYSTEMS. 
C BY THE METHOD OF CHARACTERISTICS. 
C 
C 

C 

IMPLICIT REAL*SIA-H,O-ZI 
DI MENSION P(90),PPI90I,VPI90).VVI90) 
DIMENSION PN(90),QNI90) 
DIMF.NSION AA(4,41 ,FFI41,XFI41,LLI41,MI41 
REAL Ll,L2,N,KP,NR 

C T •••••••• TIME. 
C NO ••••••• NUMBER OF DUCT NODES. 
C DELX ••••• X DISCRETIZATION. 
C DELT ••••• TIME DISCRETIZATION. 
C DI ••••••• DUCT DIAMETER. 
C D2 ••••••• PLEhUM DIAMETER. 
C LI ••••••• DUCT LENGTH. 
C L2 ••••••• PLENUM LENGTH. 
C SP ••••••• SOUND SPEED. 
C FR ••••••• FRICTION FACTOR. 
C CD ••••••• DISCHARGE COEFFICIENT. 
C PHI •••••• 3.14159 
C G •••••••• GRAVITATIONAL ACCELERATION. 
C R •••••••• GAS CONSTANT FOR AIR. 
C TR ••••••• AIR TE MPERATURE. 
C KP ••••••• POLYTROPIC EXPONENT. 
C ROW •••••• AIR DENSITY. 
C PO,Cl,C2 FAN COEFFICIENTS. 
C FSP •••••• FAN SPEED, 
C FDIA ••••• FAN DIAMETER. 
C AFO •••••• AREA OF CONNECTING ORIFICE. 
C AO ••••••• EXIT AREA FROM PLENUM. 
C AP ••••••• DUCT CROSS-SECTIONAL AREA. 
C SA ••••••• PLENUM CROSS SECTIONAL AREA. 
C CP ••••••• PLENUM PERIMETER AT GROUNO LEVEL. 
C QC ••••••• FLOW INTO PLENU M. 
C QA ••••••• FLOW OUT OF PLENUM. 
C VC ••••••• PLENUM VOLUME. 
C HE ••••••• EQUILIBRIUM HOVER GAP. 
C H •••••••• HOVER GAP. 
C ZO ••••••• AMPLITUDE OF HOVER GAP VARlATI ON. 
C W •••••••• CIRCULAR FREQUENCY OF HOVER GAP VARlATION. 
C 
C 
CDATA. 

REAOI5,100' Ll,L2,N,AP,SA 

1 

C 

C 
C 

100 FORMATISFIO.3) 
READIS.IOl) G.R.T N,KP.FR.FSP,FDIA 
REA~I5.101' CD,ROW,PHI,PO.Cl,C2,VMAX 

101 FORMAT(7FI0,3' 
READI5.10ZI HE.zü,AFO, ~ 

10 Z FORMAT(4FIO.5) 
READI5.99) NO 

99 FORMAT(13) 
WRITEI6,SlO) Ll.L2.AP.SA,pü,Cl,Ci,HE,ZU,AFO,FDIA.FS~, W ,N 

510 FORMATI5X,4F10.5,1,5X.3FIO.~,I,~X,3FIO.5,1,~X,4rlO.~,1 ,I) 

PNON~ROW* FSP*FSP*FDIA*FDIA 
QNON=FSP*FDIA*FDIA*FDIA/AP 
TDI ~1 = 1. / w 
I MT=2 0 
TT a l0. 
HE=HE/17. 
ZO=ZO/12. 
DELO=2.*PHI*W 
TRS=TR 
NR-N-l. 
NP=NO-l 
NDUCT-INO-I)/5 
N05 aNOUCT+l 
NIO=2*NDUCT+I 
N15=3*NDUCT+l 
N20=4*NDUCT+I 
DELX=Ll/NR 
Ol=DSQRTI4.*AP/PHI' 
D2-DSQRTI4.*SA/PHI' 
DELT=DELX/Z.5/VMAX 
SP-DSQRTIKP*G*R*TR) 
TETA=DELT/DELX 
CP a02*PHI 
TaO. 
H-HE 
AOaH*CP 

C INITIAL CONDITIONS THROUGHOUT SYSTEM. 
C NONLINEAR EQUATIONS SOLVED BY A NEWTON RAPHSON ITERATION. 
C 
C INITIAL GUESS. 

PF=60. 
PFO=50. 
PC=40. 
V=ZO. 

5 CONTINUE 
FFll,-PF-PO-CI*V-CZ*V*V 
FFI21=PF-PFO-FR *Ll*V*V*ROW/DI/2. 
FFI3I aPFO-PC-IV*AP/CD/AFOI**2*ROW/2. 
FF(4)-PC-IAP*V/AO/CD)**Z*ROW/2. 
AAll,l)"I. 
AAII,Z)=O. 
AAIlt3'-0. 
AAIl.4'a-CI-2.*C2*V 
AA 12 , 1 1=1. 
AAIZ.Z'=-l. 
AAIZ,3'-0. 
AAIZ,4'=-FR *Ll*v*ROW/Ol 



AAt3oll=O. 
AAI3.ZI=1. 
AAI3.3I z -1. 
AAI3.41~-IAP ICD/AFOI**Z*V*HOW 
AAI4.11-0. 
AAI4.ZI·O. 
AAI4.31=1. 
AAI4.41=-IAP IAO/CDI**Z*V*HOW 

C SUBROUTINE OMINV IS A MATRIX lNVEkSION SUBROUTINE FHOM THE 
C U OF T COMPUTER CENTRE SSP SU8ROUTINE lI8kARY. 

CAlL OMINVIAA.4.0ET.ll. MI 
C CORRECT ION 

IR-O 

C 

C 
C 

DO 10 J-l.4 
IR-IR+l 
XFIIRI"O. 
IC-O 
DO 10 I -1.4 
IC-IC+l 

10 XFIIRI~XFIIRI+AAIIR.ICI*FFIICI 
PF-PF-XFIll 
PFO-PFO-xFIZI 
PC=PC-XFI31 
V-V-XFI41 
SUM-O. 
DO 15 JJ-l.4 
SUM-SUM+OABSIXFIJJII 

15 CONTINUE 
IFISUM.lT •• OOl I GO TO ZO 
GO TO 5 

20 CONTINUE 
PCE-PC 
PIli-PF 
VPI1I"V 
DO 25 11-2,NO 
PIIII-PIII-II-ROW*FR*OELX*V*V/Ol/2. 
VP (! I I cV 

25 CONTINUE 
PCN-PCE/PNON 
TN-T/TOIM 
DO 26 IZ-l.NO 
PP I I Z I -P I I Z I 
VV I 1 Z J .VP 11 Z I 
PNIIZI-PIIZI/PNON 
ONIIZI=VPIIZI/ONON 

26 CONTINUE 

WRITE16.5001 T.PPIll.PPIN051.PPINlOI.PPINI51.PPIN201.PPINOI 
*.PCE.VVIll.VVIN05I,VVINlOI,VVIN15I,VVINZOI,VVINOI 

WRITEI6.500ITN,PNIll,PNIN05J,PNINlOI,PNIN151.PNIN201.PNINOI 
*.PCN.ONlll.QNIN051.0NINlOI.ONIN151.0NIN201.0NINOI 

500 FORMATIFI2.7.lX.7Fll.7,1.14X,6Fll.71 
OH-O. 
WRITE16.5051 H.Ofl.AO 

505 FORMATIl2X.3FlO.lO,/1 

C SOlUTION FOR OuCT FLOW BY THE METHOD OF CHARACTERISTICS. 
C 

IN-O 

2 

90 CO NTINUE 
C FAN 

VS=IVPIlJ-TETA*SP*(VPIIJ-VPI2IJJ/I1.-TETA*IVPIII-VPIllIJ 
PS-PIll+TETA*IVS-SPI*IPI ll-P121 I 

30 COII:T I :'!lJ E 
IFIVV I ll.lE.O.1 GO TO 747 
Fl=PPlll-PO-Cl*VVlll-CZ*VVlll*VVlll 
All=l. 
AIZ=-CI-Z.*CZ*VVIll 
GO TO 707 

747 CO NTI NUE 
Fl"PPllJ-PO 
All-I. 
A12·0. 

707 CONTINUE 
FZ-VVIII-VS-R*TR*G*IPPIII-PSI/IPS+Z120.I/SP+FR*VS*OABSIVSI*OELT 

*/0112 • 
A21"-R*TR*G/IPS+llZO.I/SP 
AZl·l. 
DETl=All*All-All*AlZ 
AFll=AlZ/OETl 
AFIZ=-AllI0ETl 
AFZl=-All/OETl 
AF2l-All/DETl 
ERl=AFll*Fl+AFll*FZ 
ERl-AFZl*Fl+AFl2*FZ 
PPIll"PPlll-ERl 
VVIIJ=VVIll-ER2 
ERRORcOABSIERll+OABSIERll 
IFIERROR.lT .. OOl I GO TO 35 
GO TO 30 

35 CONTINUE 
C DUCT BETWEEN FAN AND FIXEO ORIFICE. 

I=l 
D"Ol 

40 CONTINUE 
VR-IVPIIJ-IVPIII-VPII-11 1*5P*TETAl/ll.+TETA*IVPIII-VPII-1111 
VS.IVPIII-TETA*SP*IVPIII-VPII+ll JI/Il.-TETA*IVPIII-VPII.llll 
PR-P I I I -TETA* IVR+SP 1*1 PI I J -P I 1-1 I I 
PS-P I I I+TEl A* I VS-SP I * I P I I I -P I 1+1 I I 
VVlllc.5*IVR+VS+R*TR*G*IPR-PSI/IPIII+2120.I/SP-FR*DELT 12./D* 

*IVR*OABSIVRJ+VS*DABSIVSJ I I 
PPIII-.5*IPR+PS+IPIIJ+ZI20.I*SP*IVR-VSI/R/TR/G-IPIII+2120.I*SP*FR 

**OELT*IVR*OABSIVRI-VS*DABSIVSII/IR*TR*G*Z.*DI I 
IFII.EO.NPI GO TO 45 
1-1+1 
GO TO 40 

45 CONTINUE 
C FIXEO ORIFICE 

PPINOlcPINOJ 
VVINOI"VPINOI 
CFO-ICO*AFO/AP 1**2*2./ROW 
VR-IVPINOI-IVPINOI-VPINPI I*SP*TETAI/Il.+TETA*IVPINOI-VPINPIII 
PR-PINOI-TETA*IVR+SPI*IPINOI-PINPII 

60 CONTINUE 
Fl =CFO*IPPINOI-PCE I-VVINOI*VVINOI 
F2 =VVINOI-VR+R*TR*G*IPPINOI-PRI/IPH+2120.J/SP+FH*VR*DABSIVRI 

**DELT/l./Ol 
All-CFO 
All=-l.*VVINOI 



C 
C 

AZI-R*TR*G/CPR+2120.I/SP 
A22-1. 
IFCVVCNO).GE.O.1 GO TO ~9 
Fl-CFO*PPCNO)+VVCNOI*VVCNO)-CFO*PCE 
A1Z-2.*VVCNO) 

69 CONTINUE 
OET2-A1I*A22-A21*A12 
AOll·A2210ET2 
AOI2--AI2l0ET2 
A021--A21 /OET 2 
A022-All/OET2 
ERI-A011*F1+AD12*F2 
ER2-A021*FI+A022*F2 
PPCNOI-PPCNOI-ERl 
VVCNO)-VVCNOI-ER2 
SUM-OABSCERll+DABSCER21 
IFCSUM.LT .. OOl I GO TO 80 
GO TO 60 

80 CONTI NUE 
DO 85 J-I,NO 
PCJI-PPCJI 
VPCJ)-VVCJI 
PNCJI-PCJI/PNON 
QNCJI.VPCJI/QNON 

85 CONTI NUE 

C PLENUM PRESSURE BY RUNGE KUTTA INTEGRATION OF CONTINUITY EUN •• 
C 

PT-PPCNOI 
TCT-T 
PCT-PC 
Z-ZO*OSINCTCT*OElOI 
H-HE+Z 
OZ-ZO*OELO*OCOSCTCT*DELOI 
OH-OZ 

C NOTE •• TO REMOVE CHANGE OF PLENUM VOLUME WITH VARIATION OF 
C HOVER GAP, SET OHaO •• ALSO, SET VC-SA*CL2+HEI. 

AO-H*CP 
QC-AFO*CO*G*OSQRTC2.*ROW*OABSCPT-PCTI I 
IFCCPT-PCTI.lE.O.1 Qc .. -QC 
QA-AO*CO*G*OSURT(2.*ROW*OABSCPCTI) 
IF(PCT.lE.O.1 OAe-OA 
IFCAO.LE.O.1 OA-O. 
VC-SA*Cl2+HI 
PA-OELT*ICQC-QAI*R*TRS*KP/VC-CPCT+2120.I*SA*KP/VC*OHI 
TCT-T+OELT/2. 
PCT-PC+.5*PA 
Z-ZO*OSINCTCT*OELOI 
H-HE+Z 
OZ-ZO*OELO*OCOS(TCT*OELOI 
OH-OZ 
AO-H*CP 
OC-AFO*CO*G*DSORTC2.*ROW*DABSCPT-PCTI I 
IFCCPT-PCTI.LE.O.1 QC.-QC 
QA-AO*CO*G*OSQRTC2.*ROW*DABSCPCTII 
IFCPCT.LE.O.) QA=-QA 
IFCAO.LE.O.1 QA-O. 
VC·SA*CL2+HI 
PB-OELT*CCQC-QAI*R*TRS*KP/VC-CPCT+2120.I*SA*KP/VC*DHI 

3 

PCT-PC+.5*PB 
OCaAFO*CO*G*DSQRTC2.*ROW*DABSCPT-PCTI) 
IFCCPT-PCTI.lE.O.1 QC--QC 
QA-AO*CO*G*OSORTC2.*ROW*OABSCPCTII 
IFIPCT.LE.O.1 QA--QA 
IFIAO.LE.O.1 QA-O. 
PO-OELT*IIQC-QAI*R*TRS*KP/VC-IPCT+2120.I*SA*KP/VC*OHI 
TCT-T+OELT 
PCT-PC+PO 
Z-ZO*OSINITCT*OELOI 
HzHE+Z 
OZ-ZO*OELO*OCOSCTCT*DELOI 
OH"OZ 
AO-H*CP 
QC-AFO*CO*G*OSQRTC2.*ROW*OABSIPT-PCTI) 
IFICPT-PCTI.lE.O.1 QC--QC 
OA"AO*CO*G*OSQRTI2.*ROW*OABSIPCTII 
IFCPCT.LE.O.1 QA=-QA 
IFCAO.LE.O.1 QAzO. 
VC.,SA*Cl2+HI 
PE-OELT*CCQC-QAI*R*TRS*KP/VC-CPCT+2120.I*SA*KP/VC*DHI 
PC-PC+l./6.*CPA+2.*CPB+PDI+PEI 
PCE-PC 
T"T+OELT 
IN-IN+1 
IFCIN.EQ.I MTI GO TO 400 
GO TO 401 

400 CONTINUE 
IN-O 
TN-TITOIM 
PCN-PCE/PNON 
WRITEC6,SOOI T,PPCll,PPCNOSI,PPCNlOI,PP(N1SI,PP(N20I,PPCNOI 
*,PCE,vVCll,VVCNOSI,VVC~10),VVCN1SI,VVCN20),VVCNOI 

WRITEC6,SOOITN,PN(1I,PNCNOSI,PN(NIOI,PNCN1SI,PNCN20I,PNCNOI 
*,PCN,Q NC1',QNCNOSI,QNCNIOI,ONCN1SI,QNCN20I,QNCNOI 

wRITEC6,SOSl H,OH,AO 
401 CO NTI NU E 

TNON=T*W 
IFCTNON.LE.TTI GO TO 90 
STOP 
END 

STATISTICS - 330 CARDS READ,- 344 LINES PRINTED 
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100l' bebaviour ma.;y be of importanee are di8cuased. 
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During dynamic operation ot an air cushion system, the fan operating point as Been at the eushion 
does not move a.l.ong a statie charaeteristic. Instead, it moves on a loop. Sueh loops have been 
abserved experi:mentally by Durkin and Lenghi (Ref. 1). This nete shows that loop type behavi our 
CM be predicted theoretieaU.y . The theory models the fan-duet-plenum. system as a one dimensi onal 
acoustic vibration system. It uses the weil known ~hod of Characteristics and a fini te difference 
technique known as the method of speeified time intervals to solve tor the pressure e.nd flow varia­
tiens which occur a.l.ong the duct during \Ulsteady operat1on. Several praetical. situations where the 
loop behaviour ~ be of 1mportanee are discU8sed. 
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