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Unsteady Quasi-One-Dimensional Nonlinear Dynamic Model
of Supersonic Through-Flow Fan Surge

Jacques C. Richard*
Texas A&M University, College Station, Texas 77843-3141

This paper presents the results of a computational fluid dynamic model of a supersonic through-flow fan (STF) in
supersonic surge. The phenomenon of surge is well known for subsonic turbomachinery. However, for supersonic
turbomachinery like the STF, a special type of supersonic surge occurs in which a shock oscillates through the
fan, alternating locations between upstream and downstream of the fan. It is also possible for a shock to remain
in a fan stage. This analysis focuses on the development of supersonic surge resulting from overpressuring the
fan. A model of the STF was constructed around its steady-state experimental performance map using an existing
unsteady, quasi-one-dimensional, inviscid, compressible flow code. An exit boundary condition was specified for
the overpressuring that forces the shock to move upstream and interfere with normal fan operation. The effects of
that interference, including a shock oscillating across the fan, are discussed.

Nomenclature
A = cross-sectional area through which flow passes
cp = specific heat at constant pressure
cy specific heat at constant volume
E = internal energy of working fluid

F = external force applied to working fluid

FAC factors that appear in turbo machinery
momentum source term

H specific enthalpy (enthalpy per unit mass)

L = length

M = local Mach number

M, mass injected into or extracted from working fluid
(mass equation source term)

MR = mass ratio term in turbomachinery
momentum source term

p = local static pressure

)2 = local total pressure

0 = energy going into or out of the working fluid

R = gas constant

r radius

T = local static temperature

T, = local total temperature

t = time

u = axial velocity (only component for
quasi-one-dimensional flow assumption)

X = local axial position

y = ratio of specific heat at constant pressure
to that at constant volume

) = local working fluid density

Subscripts

cowl = relating to the cowl as in r, for cowl radius

exit = fan exit (at stator trailing edge)

i = index in discretized form of differential equations

inlet = fan inlet (at fan face or rotor leading edge)

max = largest value of a quantity as in rcowl. max

for maximum cowl radius (24 in. or 60.96 cm)
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o = property upstream of inlet used for
nondimensionalizing main variables

plenum = pertaining to the plenum

ref = reference variable used for nondimensionalizing
variables

s = source term

stage = belonging or referring to a variable

that relates to the fan stage

1. Introduction

N pursuing the goal of faster and longer-range aircraft to prepare

for the rapid growth in air traffic across the Pacific and Atlantic,
economically viable supersonic passenger transports are needed to
avoid the costliness that led to the retiring of the Concorde. In-
deed, supersonic transports are of more than passing interest. NASA
and business-jet manufacturers have feasibility studies of some type
of supersonic aircraft, for example, the Quiet Supersonic Business
Jet'=> and DARPA studies hypersonic cruise vehicles. Supersonic
air vehicles would be well served by an all-supersonic engine using
a supersonic inlet and supersonic through-flow fan (STF and some-
times referred as STFF) that is receiving renewed interests.®” In an
STEF, there is no deceleration of the flow to subsonic needed thereby
reducing associated strong shock losses. This fan would be more ef-
ficient with higher pressure ratios, reduced shock losses (as smaller
and weaker oblique shock waves are obtained instead of stronger
normal shocks®~!2), and a shorter inlet allowing for a lighter vehicle.
Franciscus® summarized the development of STF-based propulsion
systems and compared them to conventional engines (Fig. 1). The
STF is usable with either a subsonic or supersonic gas generator
core. Schmidt et al.’ pointed out the possibility of obtaining higher
pressure ratios with an STF and presented the design criteria for
the proof-of-concept fan that had a total pressure ratio of 2.45 at the
design Mach number of 2.0 at the fan face. The important design cri-
teria include 1) maintaining constant tip and hub radii throughout the
fan stage to limit three-dimensional effects (only two-dimensional
tools were available at the time of the designs in Franciscus® and
Schmidt et al.?); 2) ensuring supersonic through-flow throughout
the compression system with weak shock waves and ensuring the
capture of the shock structure within the bladed passages; and 3) ad-
justing pressure gradients in key flow regions for minimizing shock
strengths in internal compression and expansion systems. The STF’s
steady-state aerodynamic performance is documented.?~!2

Although the performance of the STF is encouraging, are they also
susceptible to instabilities that can affect subsonic vehicles?'3~!® For
subsonic and transonic turbomachinery, the phenomena of surge
and stall are well understood.® In supersonic surge, a shock system
can exist in which a shock oscillates through the fan, alternating
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Fig. 1 Supersonic engine design options: a) STF engine configuration® vs b) conventional engine.

Table 1 Supersonic through-flow fan design parameters

Parameter Value
Total pressure ratio 245
Weight flow rate, 1b/s 31.5
Inlet axial Mach number 2.0
Rotor tip speed, ft/s 1500
Rotative speed, rpm 17,180
Tip diameter, in. 20
Hub-to-tip ratio 0.7

locations between upstream and downstream of the fan. It is even
possible for a shock to remain in the fan.

To identify and characterize the supersonic surge characteristics
of an STF stage, an analysis model'’~!” was constructed as part of
the NASA STF dynamics and controls research program.'#=20 The
model required a steady-state fan performance map that can be ob-
tained from experimental data or from computational-fluid-dynamic
turbomachinery design codes. Perturbations are imposed that might
be upstream or downstream in the Mach number, pressure, flow rate,
or nozzle-diffuser geometry or a combination thereof. In an engine,
these perturbations can arise from combustion instabilities or inlet
variations. Furthermore, altitude and freestream changes can also
lead to perturbations depending on the engine-inlet configuration.
To encourage the occurrence of supersonic surge, the exit Mach-
number boundary condition in the analytical model was reduced,
as a throttling mechanism with increasing backpressure, which then
forced a shock to move upstream toward the fan and interfere with
its normal operations.

II. Configuration of STF Stage in Test Cell Analyzed

The design of the STF is documented in detail,”’~'? and only
a brief description of the relevant design parameters is presented
here for completeness. The overall design parameters are listed in
Table 1. The STF stage was designed to operate with supersonic
axial velocities from its inlet to its exit. An experimental layout
or test package is shown with the flow-path geometry as modeled
presented in Fig. 2 with key regions highlighted (to be specified
later), as the centerbody moves, according to where notable results
will be discussed. The horizontal axis represents the centerline of
this axisymmetric test section. For subsonic flow, the downstream
diffuser was opened to the maximum position, and the inlet Mach
number (and also flow rate) was controlled by the upstream nozzle.
The overall performance of this baseline test stage is shown in Fig. 3.

Two cases of predicted performance of the fan startup to operating
condition at a fan face Mach number of 2.0 and 1.5 are examined.

Case 1 simulates the fan being operated to design RPM before it is
unstarted. Case 2 examines the fan when unstarted at design rpm
with a fan face Mach number of 1.5. The ramifications on control
of STF-based engines are discussed.

III. Analytical Model

The flow through the STF in the test cell is primarily axial
and quasi one dimensional (spatially and temporally varying cross-
sectional flow areas). The flow is also compressible and assumed
inviscid (viscous effects are in the nonsimulated boundary layer as-
sumed negligible compared to the full flowfield dimension for this
analysis). The governing equations are

Rl 0

E(pA) + a(pAu) = M; (1)
0 0 SYTI
E(pAu)wL EKPJFW )A] =rs; + F; 2
9 EA)+8[( + E)Au] = 8A—|— 3
E( a p u ——PE op 3)

where E = p(c,T + u?/2). The analysis assumes the flow is ther-
mally and calorically perfect such that the perfect-gas equation of
state can be used as p=pRT = (y — 1)(E — pu?/2). These equa-
tions are said to be in weak conservative form because the area
change terms and possible sources (or sinks) of mass, momentum,
and energy are on the right-hand side. These equations are solved nu-
merically using a split-characteristics finite difference algorithm!’
with user-specified spatial grid size and time-step size in the Large
Perturbation Inlet (LAPIN) code.

Key elements of the LAPIN code were modified to model super-
sonic inlet flowfields with external transfers of mass, momentum,
and energy to the flowfield as source terms in the governing equa-
tions. The code includes the following: bleed and bypass capabili-
ties; translating and collapsing centerbody and other geometric vari-
ables of duct segments; start, unstart, and restart transient capabil-
ity; and the ability to approximate axisymmetric or two-dimensional
flow fields external to the inlet. The code incorporates mixed super-
sonic and subsonic flow regimes with one or more normal shocks
as is typical of supersonic vehicle inlets. These features were in-
corporated via the source terms. The code has been verified against
experimental data.!” The code was modified to allow the effects of
turbomachinery on the fluid mass, momentum, and energy to appear
via the source terms with turbomachinery component properties lin-
early distributed over the grid points spanned by that component.
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The turbomachinery contributions to the source terms are added
to the momentum and energy equations via F; and Q. The flow
takes the momentum imparted by the turbomachinery segment and
the work that this segment does on the fluid. The total work per unit
mass done by the fan stage is equal to the change in enthalpy across
the stage'®:

Ah = Cp(T;‘cxit - T;,inlcl) (4)
The primitive state variables are nondimensionalized as
A A
p=L a=2 ad =22 )
(pA)ref Uref (IOAM )ref

along with a reference length Lier = reowl,max = Fplenum =24 in.,
which is the largest outside radius of the modeled system in
A= n(rcowlmx)z. The source terms are normalized using the
freestream sonic velocity for the reference u,.¢. The reference density
is also evaluated at sonic conditions. Cole and Richard,'® assuming
adiabatic and thermally perfect conditions, use the relation between
the freestream and freestream sonic velocity to obtain

1 Y + 1 Tt,exit - Tt,inlel Lref

Qstage = _p_inletﬁinlet
2 Y = 1 Tio Ly,
s ge

(©)

Equation (6) is the total energy source term that is linearly dis-
tributed over the fan stage grid points and the fan stage’s length
L age. The net change in fluid momentum imparted by the fan stage
segment within a grid cell to the fluid within that cell (between sta-
tions i and i + 1, the start and endpoints of the cell) is expressed as
the normalized force per unit length as follows:

Fage = [(‘3 ’Z_ 2k FAC, + (A’*zl:i A)” pi FAC2i| x—::“‘fxi )
where
FAC, = (M; 4 \/M)NMR\T,; /T, — 1 ®)
and
FAC, = (MRY'" D (pri1/pii) — 1 ©)
in which

MR ={1+[(y - D/2am} /{1 + (v = D/21M},}  (10)

Previously developed turbomachinery performance map data
evaluation and extrapolation routines?! (see also Bruton, William
M., “Data Alignment Program for AD100 Users,” NASA internal
unpublished report, NASA Glenn Research Center, 1989) were used
to get values from the STF experimental performance map (Fig. 3).
These routines linearly interpolate the turbomachinery total pressure
ratio and efficiency from the STF performance map to compute the
source terms. Linear extrapolation is used when the weight flow or
corrected fan speed is out of the range of the current steady-state
experimental map. In surge, the pressure ratio would fall to a low
value'? for the current model that is estimated'®!? at the low end
of the Mach number (or corrected weight flow rate) in the map of
Fig. 3. In this figure, pressure ratio and efficiency approach 1.35 and
50%, respectively, as the Mach number is reduced (i.e., as the system
is throttled back) while at high fan speed. These estimates assume
the worst for the supersonic Mach number and fan speed ranges
reported here. The estimates also alleviate any minor discrepancies
that would result from extrapolating off the given map.

At this point, it should be noted that the normal steady-state STF
operation could be in one or two modes, subsonic and supersonic.
The map is different for each mode. The passage of a shock through
the fan means moving between the two modes and, consequently,
a change from one part of the map to the other. This could mean
having to deal with a discontinuous source term. The Mach number
is checked (i.e., greater or less than 1) at the fan face, and the ap-
propriate part of the map is selected. Making this selection presents
a difficulty if there is a shock between the fan face and fan exit. A
dynamic map that accounts for a shock between the fan face and fan
exit at any given time would serve best in later work.

More detailed modeling of the STF geometry should be done to
see which flow patterns exist that could affect the fan map (e.g.,
blade-specific shock behavior). Other quasi-one-dimensional mod-
els of the stream-tube area specific to the volumes of fluid moving
and turning about the STF blades might also do this, but the flow
between the blades will always be multidimensional. Multidimen-
sional models could show similar and other effects in greater detail
(e.g., detailed shock structure, curvature, obliqueness and blade-
specific shock locations) and even rotating stall or tip-clearance
effects, but these would require more complex models.?>~2

The equation for the work added to the flow [Eq. (3)] depends
on enthalpy changes that are not affected by steady shocks. The
shocks affect the equation for the momentum added [Eq. (2)] be-
cause this equation is more dependent on total pressure ratio, which
changes across a shock. The grid-cell-distributed total pressure ratio
[pr.i+1/p:i iInEq. (9)] is one that does not depend on the presence of
a shock because the ratios are of terms on the same side of the shock.

IV. Rendering Model Compatible
with STF Test Package

A large subsonic region [axial extent from 0 to —10 (unitless, code
axial variable normalized using a 24-in. plenum maximum cowl ra-
dius)] is specified in front of the baseline fan and inlet system in
the model test package. As a result, the geometry shown in Fig. 2
is extended further upstream in the simulation (to —10) solely for
computational convenience. The resulting area distribution, with
and without a forward centerbody translation (NASA Glenn Re-
search Center wind-tunnel W7’s nozzle) is shown in Fig. 4. Note
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of 2 (see Table 2 for labels): a) throttling schedule, b) fan speed schedule,
and c) nozzle translation schedule.

the changes in effective throats (minimal, cross-sectional flow areas)
as the centerbody translates.

Because the effect of a normal shock is of interest, initial down-
stream boundary conditions are such that a normal shock is created
downstream of the second throat. The exit Mach-number bound-
ary condition is reduced, according to the schedule in Fig. 5a, after
steady-state fan operation is established in the simulation to force
the shock upstream and interfere with normal fan operation. (The
effects of that interference are discussed later.) The exit boundary
condition specified is the Mach number at the boundary of the model
(where the flow exhausts into the aft plenum), which simulates the
area changes associated with diffuser (aft centerbody portion) mo-
tion. This is the only exit boundary condition chosen to be controlled
in the STF model; the corresponding physical effects on other flow
variables are reflected in the results.

Because the centerbody move as one piece in the code’s de-
sign, the exit Mach-number boundary condition changes specified
(Fig. 5a) are to simulate the motion of the downstream portion

of the centerbody (diffuser), whereas the specified translation is
mostly for the nozzle (front centerbody section; see Fig. 5c). So
the exit Mach-number schedule represents rear diffuser translation,
separate from forebody (front nozzle) translation, and with this, a
variety of parameters can be changed to simulate various startup
transients.

V. Results and Discussion

Several different cases are examined. In each case, a nozzle mo-
tion schedule, a fan speed schedule, and an exit Mach-number sched-
ule are chosen to simulate the startup transient used during steady-
state experiments.'? Again varying the diffuser exit Mach number
simulates a throttling. The timescales in the schedules are for sim-
ulation convenience (chosen to minimize computing time) and are
not the times from the STF experimental research program.'’

The startup procedure'? is simulated quickly to sooner reach a
point of interest and can be described as follows. With the nozzle and
diffuser set at nominal positions, the fan speed is increased to 75%
of design. At 75% speed, the diffuser is opened to allow supersonic
exit flow. At this condition, the speed could be held constant or
increased before starting the inlet. To start the inlet, the nozzle is
closed to have supersonic flow in the inlet and finally through the
fan.

Ineach case presented, the motion schedule times from 0.0t0 0.2 s
represent the steady-state performance, and times greater than 0.2 s
represent the dynamic performance. Local values of Mach number
and total pressure are calculated and presented as a function of time
(units kept to identify frequencies). Also presented against time for
each case is the exit fan total pressure divided by the inlet fan total
pressure. Table 2 shows the labels associated with the point in time
in the plot of the results when a parameter is changed (A, B, C, etc.).
Times that are not initially specified in the schedules get specified
when significant changes in the results occur and are also labeled
(B, H', H", etc.). These labels highlight the differences between
the times in the schedules and the characteristic times for the fan
dynamics. The labels also highlight the simultaneous effects in the
variables in the other plots.

A. Case 1: Design Speed and Mach 2 at Fan Face

An exit Mach-number (throttling) schedule, a nozzle translation
schedule, and a fan speed schedule that simulate the case of oper-
ating the fan to design speed with a fan face Mach number of 2
are presented in Fig. 5. In this case (case 1), as with the experi-
mental data, the nozzle and exit Mach number (diffuser position)
were held constant until after 75% design speed (simulation time
of 0.06 s, labeled C in the figures). At 75% speed, the exit Mach

Table 2 Key parameter actuation and
response times as in the figures and Ref. 15

Time, s Point label
0.000 A
0.020 B
0.045 B’
0.060 C
0.090 D
0.095 D’
0.105 D’
0.110 E
0.115 E
0.120 F
0.140 G
0.160 H
0.164 H
0.168 H”
0.172 H”
0.180 1
0.200 J
0.212 g
0.220 K
0.300 L
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number increased while maintaining constant nozzle position and
speed (time of 0.09 to 0.11 s, points D to E in Fig. 5a). The speed
was then increased to 100% design speed (time 0.12 to 0.14 s, F
to G in Fig. 5b). At design speed, the nozzle was moved to obtain
a Mach number of 2 at the fan face (time of 0.16 to 0.18 s, Hto [
in Fig. 5c). Figure 4 shows the transition to the front throat from
the primary throat formed by the fan when it helped accelerate the
subsonic flow upstream of it to the supersonic flow downstream of
it (note the minima of the curves of Fig. 4b). The flow downstream
of the nozzle was fully supersonic until it reached a smaller area or a
boundary condition downstream that forced the creation of a shock.
This startup transient was followed by the part of the schedule rep-
resenting steady-state performance of the fan stage (time of 0.18 to
0.2 s, Ito J in all parts of Fig. 5). At a time of 0.2 s, the exit Mach
number was decreased to represent a throttling of the fan stage (J to
K in Fig. 5a). After 0.22 s, the exit Mach number was kept constant
as the fan responded to the throttling (K to L in Fig. 5a).

The gradual decrease in exit Mach number that starts at the 0.2 s
is akin to throttling down (Fig. 5a). Reducing this downstream Mach
number is like closing the exhaust by moving the diffuser or rear
centerbody portion forward or by loading the back end of the fan-
inlet system. The pressure also changes correspondingly.

The fan-inlet system’s response to the already mentioned motion
schedule for case 1 is presented in Figs. 6 and 7. The calculated local
Mach number (Figs. 6a and 6b) and total pressure (Figs. 6¢c and 6d)
are presented as functions of time. The oscillations at 0.17 s appear
because of numerical, and not physical, reasons depending on the
selected time steps and grid sizes. These effects can be differentiated
from the actual response by evaluating the total pressure ratio plots
in Fig. 7. The arrows show the primary path and trends in the maps
acknowledging that some smaller and minor bends may be due to
numerical errors.

When the exit Mach-number boundary condition is reduced
slightly (after 0.2 s according to the schedule in Fig. 5a), a con-
dition results in which a shock sits on the trailing edge of the STF
(on the trailing edge of the stator). Because the STF does not contain
a constant cross-sectional area, nor the largest one in the flow (but
larger than cross sections downstream, from where the shock origi-
nated), this shock quickly jumps upstream through the fan under the
adverse pressure gradient of the end loading (after 0.2 s as Fig. 6a
shows). The shock motion can be traced by noting how long the
Mach number (Figs. 6a and 6b) and total pressure (Figs. 6¢ and 6d)
remain constant at the different stations plotted.

When the exit Mach-number boundary condition is decreased by
approximately 75% from he steady-state value (the operating point),
the fan-inlet system unstarts and goes toward surge. This decrease
is akin to tripling the exit static pressure or to reducing the exit
corrected weight flow rate by 75%. Note that while the throttling
began at 0.2 s (point J in Fig. 5a), the shock does not start going
upstream until 0.21 s (point J’ in Fig. 6), which indicates a delayed
response as the strength of the throttling reaches a point where the
fan-inlet system unstarts.

Figures 6¢ and 6d show the accompanying effect on stagnation
pressure. Figures 7a and 7c show the associated performance map
of the startup, which can be followed to the operating point and sub-
sequent throttling in Figs. 7b and 7d. When the shock jumps through
the fan, the flow at the fan face reaches its maximum rate because
the flow is supersonic there. Because the flow rate does not change
there (after reaching supersonic), the total pressure ratio increases
at a constant rate as the flow reaches a steady-state operating point.

When the throttling is imposed, the Mach number returns to its
subsonic value at approximately 0.22 s (point K in Fig. 7). As this
throttling continues, oscillations start to occur in the Mach number,
flow rate, and total pressure (right after point K in Fig. 7). Plotting
these two oscillations with respect to each other results in the limit
or surge cycle in Figs. 7b and 7d. The pattern also appears in the
map with the Mach number as the abscissa (Fig. 7d).

B. Case 2: Design Speed and Mach 1.5 at Fan Face
The next case simulated was with the same fan and diffuser sched-
ule as was used in case 1. The nozzle was fixed to provide a fan face

Fan exit

Time, sec

a) Case 1: Mach number at fan exit

Time, sec
b) Case 1: Mach number at fan face

25
2.0

Time, sec

c) Case 1: Total pressure at fan exit

25
l

2.0

§ I

<15

g la ¢ 11K L
5| 1 1 1 } 1 I

0 .05 A0 15 .20 25 .30
Time, sec

d) Case 1: Total pressure at fan face

Fig. 6 Case 1: Startup transients to design fan speed steady-state op-
erating point (dashed line at 0.2 s), nozzle kept forward for fan face
Mach 2, followed by throttling.

Mach number near 1.5 and a combination of similar cross-sectional
throat areas (keeping Fig. 4 in mind). In this case, the pressures are
constant with time, which means a shock at some location would
stay there. However, the pressures in the different locations are not
the same, and that difference makes the shock move. Further, similar
cross-sectional areas at various locations are possible places that a
shock could go (suggesting a low tolerance for geometry changes).
The throttling leads to a normal shock moving upstream and to os-
cillations as in case 1 (Figs. 5-7), but the oscillations are stronger,
and the shock actually goes back and forth across the fan. This is a
type of supersonic surge (Figs. 8 and 9).

Figure 9d shows the Mach-number cycling at the fan face below
and above 1; at the fan exit it cycles at the same frequency but does
not go above 1. This suggests that the shock is moving back and
forth across the plane of the fan face. During this oscillation, the
shock can go as far downstream as across the front part of the rotor,
or all of the rotor, or even back to the stator.

Figures 9a and 9c show that this case mirrors case 1 (Figs. 7a
and 7c¢) until point G. From then on, the limited fan face Mach
number at which the fan-inlet system is (Fig. 9b) forces a different
steady-state operating point to be reached (point J in Figs. 8 and 9).



194 RICHARD
fg 25—
g “A
8 .
e 20} Operating
poliia point
R J
LY
% 15 Going
E=i supersonic
g
[
5 AS/ E'
Q 1.0
& Start
8
e 5 | | 1 i | | I |
-20 -10 O 10 20 30 40 650 60

Fan face corrected weight flow, lbm/s

a) Case 1: Total pressure ratio vs corrected weight flow rate at fan
entry from start to design operating point

fg 25—

8

c

&

S 20 Operating

£ point

g Surge

-§ 1.5 K

g Loading

5 *back end

2 10

o J

8

8

L 5 NS N I N BN N N—
-20 -10 0 10 20 30 40 650 60

Fan face corrected weight flow, Ibm/s

b) Case 1: Total pressure ratio vs corrected weight flow rate at fan
entry with rear diffuser Mach number reduced after reaching design
operating point

'g 25

£ G

8 Operating

g 20} point

% J

8

.50 Going

8 7 supersonic

o

[

B El

2 1.0 A

g

%‘ Start

- 1 ! ] i 1 1 1
-5 0 5 10 15 20 25 30

Fan face Mach number

¢) Case 1: Total pressure ratio vs Mach number at fan entry—
startup to design operating point

'2,: 25—
8
8
S 20 Operating
e 4| point
o
Surge
& K
o 15
'-E Loading
o back end
5
210
[ '
5 J
8
) 5 I | 1 L | i 1
-5 0 5 1.0 16 20 25 3.0

Fan face Mach number

d) Case 1: Total pressure ratio vs Mach number at fan entry
with rear diffuser Mach number reduced after reaching design
operating point

Fig. 7 Case 1: Dynamic response maps. Note shock moved back to upstream of fan with an oscillation in pressure indicating subsonic surge.

Time, sec

a) Case 2: Mach number at fan exit

3.0
25

o 20
815
510
L s
0

-5

0 .05 10 15 .20 25 .30
Time, sec

b) Case 2: Mach number as flow enters fan

Fig. 8 Case 2: Startup transients to design fan speed steady-state operating point (dashed line at 0.2 s), nozzle kept forward for fan face Mach 1.5,

followed by throttling.

Time, sec

c¢) Case 2: Total pressure (nondimensionalized) at fan exit

25 l

20
8 | K L
Tisb
§ |

A JiJ'

“ 10 A J

'5 i 1 1 | L ]

0 .05 10 A5 .20 25 .30
Time, sec

d) Case 2: Total pressure (nondimensionalized) at fan entry



RICHARD 195

25

Going /—}

Operating supersonic | |G
point ————————————— § J

Total pressure ratio (fan exit to fan face)
2]
I

5 | | | | { 1 | !

=20 ~10 0 10 20 30 40 50 60
Fan face corrected weight flow, lbm/s

a) Case 2: Total pressure ratio vs corrected weight flow rate
at fan entry from start to design fan speed but Mach 1.5 flow
entering fan

N
o

Operating
point ~—

Loading *
back end

g
=)
1

J!

5
T

Total pressure ratio (fan exit to fan face)
o
I

% I N TS S S IS T S

=20 -10 0 10 20 30 40 50 60
Fan face corrected weight flow, Ibm/s

b) Case 2: Total pressure ratio vs corrected weight flow rate at
fan entry, where M = 1.5, with diffuser Mach number reduced
after reaching design fan speed

n
t
1

n
=]
|

J Operating point

Going
supersonic

p"
A

=]
I

Start
| 1 | | |

5 10 15 20 25 3.0
Fan face Mach number

Total pressure ratio (fan exit to fan face)
-
o
I

o

A
(<]
o

c) Case 2: Total pressure ratio vs Mach number at fan entry
from start to design fan speed but Mach 1.5 flow entering fan

Ind
(2

-~

J
--— Operating point

* Loading

n
(=)
i

back end

J'

\JSurge

| ] 1 | | I |

0 5 10 15 20 25 3.0
Fan face Mach number

ry
(=]

Total pressure ratio {fan exit to fan face)
()
I

tn

A
o

d) Case 2: Total pressure ratio vs Mach number at fan entry
with diffuser Mach number reduced after reaching design fan
speed but Mach 1.5 flow entering fan
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indicating supersonic surge.

Note from Figs. 9b and 9d that the surge cycle is very large indicating
a very large surge cycle. The Mach numbers and total pressures in
Figs. 8 and 9 for this case do not go as high as those in Figs. 6 and 7
for case 1. This indicates that any developing shock in this case will
be weaker before the supersonic surge than the case 1 flowfield. This
also means that a surge transient has a weaker system through which
to propagate, and so the surge cycle can be larger (Fig. 9d vs Fig. 7d).

C. Control and Design Issues

Violent oscillations occur after the inlet unstarts from the back
loading. One can infer from this that avoiding unstart will avoid
surge. These oscillations, which result from the gradual reduction
of downstream Mach number (the specified end boundary condi-
tion), simulate the effects of downstream mass flow rate or pressure
decreases (throttling) on the fan-inlet combination. The physical
event that would cause the unstart and surge represented by these
oscillations is the movement of the diffuser, which changes the Mach
number and the other flow parameters. The oscillations in the Mach
number around the upstream throat imply that the fan-inlet com-
bination tries to restart but cannot. Such oscillations can damage
the fan. The oscillations include a flow reversal (e.g., Fig. 9d). With
lesser end-Mach-number reductions, oscillations would occur in the
simulations, though not always with the periodic flow reversal.

High geometrical sensitivities implying a small stability margin
have been observed,'* and they imply possible difficulties with a
variable geometry fan (e.g., an STF design with variable pitch).
Some geometric variations could hasten recovery from surge by
helping the shock move through the fan quickly and leading the

shock to a more stable rest area. The engine control designer or
the pilot might not consider sudden jumps favorable, even to hasten
shock passage, but these jumps must be acknowledged if geometric
variations are in the design. Adding variable geometry capabilities
to the fan via blade twist or variable pitch can help if done properly.

Earlier subsonic turbomachinery studies suggested that using
bleed could reduce the effects of surge and stall.'> However, bleed
flow had no significant effects on the STF? in supersonic surge
although the STF can go into subsonic surge. Other means of con-
trolling supersonic surge need to be identified. An in-depth analysis
of the effects of bleed needs to be conducted. In any case, bleed
might be good to have as an additional control variable (especially
for the peace of mind of the STF-using vehicle’s pilot or the engine
designer—even if largely for subsonic).

The fan can be part of a propulsion system concept that can have
additional fan stages, a core engine, one or more compressors, and
turbine stages as part of that core, and perhaps an afterburner. Any of
these, if not carefully controlled, could cause the dangerous shock
behavior observed here. Any one or more could also be used to
recover from that behavior. Careful component matching of an STF-
based engine is required to avoid undesirable shock behavior.

Itis left for the structural dynamicists to examine the effects of the
pressure oscillations on the blades. The structural dynamicists might
be able to decide what the structural limits of their engine design are
from the working pressure of their design. The percentage of this
working pressure can be compared with the nondimensionalized
pressure plots shown. The percentage of this working pressure is
itself a percentage of a design pressure set in the simulation.
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VI. Summary

This analytical investigation of supersonic through-flow fan
(STF) dynamics was conducted by using an inviscid, quasi-one-
dimensional, dynamic model. This study showed that a normal
shock could come to rest in various locations in the STF. The lo-
cations depend on parameters such as the Mach number far down-
stream and the front centerbody position. When the back end of
the system was loaded with the fan at design speed and the nozzle
held forward to yield a Mach number of about 1.5 at the fan face,
a shock was made to jump back and forth through part of the fan
stage in a supersonic surge. Changes in the timing of the response of
the fan-inlet system were observed when geometric variations were
introduced.

Separating the STF’s rotor and stator could show more possible
shock rest locations (e.g., between stator and rotor or on the stator—
more likely than on the moving rotor). These shock locations would
be affected by the differences in pressure ratios across the STF’s
rotor compared with the stator. In any case, a preliminary dynamic
model of the STF yielded notable results; in particular, a supersonic
surge was shown to be possible.
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