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Preface

Ramjet engines are being considered by both the Air Force

and Navy for tactical air launched missile Propulsion.

Desiqns for both service3 requir3 the ductinq of inlet

airflow into the ramjet combustor in a Particular direction

dictated by the combustor design. The Jesigns require a

venturi array, or aerodynamic grid, in the inlet to control

flow into the combustor under supercritical inlet operatinq

conditions. Added to this is the oroblem that the inlet(s)

may be located away from the missile centerline, while the

ontimum position for the ramjet engine may be coaxial with

the missile, requiring turning the inlet flow from its

S oriqinal direction. A research project was proposed by Mr.

David B. Wilkinson, an aerospace enqineer with the Ramjets

Division of the kir Force Wriqht Aeronautical Laboratorv

(A WAL/PORA) , to combine flow alignment, turninq, and

distortion control functions into a single cascade of

aerodynamically-shaped guide vanes. If this could be done,

reductions in the oropulsion system weiqht and volume, as

well as imoroved inlet oressure recovery, could be expected.

This thesis anolies the hydraulic analoqy and flow

visualization using the &PIT 43-inch water table to study

the feasibility of different cascade desiqns.

I want to thank Mr. Wilkinson for his ideas and

assistance throughout my study. Also, I would like to thank

Mr. Carl Shortt ani 4r. Jack Tiffany of the hPIT Shons for

ELM,



"* their excellent work in the construction of the different

cascales used in my study. I would like to thank Dr. Elrod

for his quidance during my study, without which there wouli

have been no worthwhile work lone. Most of all, I thank my

wife, Barbara, and my son, Ian, for the support they gave me

during my thesis work.
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~ Absiriact

Five different shock-positioninq cascades, for

short-radius turns in ramjet inlet diffusers, were selected,

designed, and tested on the AFIT water table. These flow

controllers were to perform the same function as the

conventional -arrangement of an aerodynamic grid and a

long-radius turn. The tests were to determine the

suitability of the water table for such experimentation, in

addition to. determining the flow-control capabilities and

pressure recovery of the cascades. All five designs

accomplished the flow-control function as designed, and two

designs exhibited the same or better pressure recovery than

an aerodynamic grii, in the water table tests. The water

table proved to be an excellent means of testing these

cascades, primarily due to the ease of flow visualization in

the test zone. The shock-positioning cascade, short-radius

turn concept shows promise and should be tested further in

-: qas-dynamic apparatus.

$X
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1I Introuction

,ackqround

Ramjet engines are under consideration for use in

tactical air-to-air missiles, because of advantages they

offer over the solid-propellant rocket engines currently

used. Some of. the designs require ductinq of the incoming

air flow to a combustor on an axis different from that of

the vehicle inlet. Also, some designs require a venturi

array (or aerodymanic grid) downstream of the vehicle inlet

and forward of the combustor, to control the inlet internal

shock position. The current designs use a large radius turn

plus a grid to turn the flow and position the shock. This

research was a study of the combination of an abrupt vaned

miter, or short radius, turn with an aerodynamic grid,

resulting in reduced weight and volume and improved pressure

recovery compared to the current designs.

RamJets operate most efficiently in the supersonic

flight regime, because they have no mechanical air

compressors and must rely on shock,wave compression of air.

Conventional ramiets burn a fuel and air mixture which must

be subsonic to maintain combustion. hccordinqly, an inlet

must optimize the means of oroducinq shocks to compress the

air and slow it down before it enters the combustor. This

flow conditioning is done by shocks ahead of the inlet, in

the inlet, and in the diffuser which follows immediately

'AV ,* ' after the inlet. Supercritical inlet operation is the



optimum for pressure recovery and stability of the inlet

shock system. It is the function of the aerodynamic grid

to maintain supercritical operation, by isolatinq the inlet

shock system from pressure variations in the combustor.

Larqe radius turns in the diffusers of current desiqns

are used to duct the airflow because such turns have better

pressure recovery than abrupt, unvaned short radius turns.

The inclusion of turning vanes in a short radius turn

imoroves the pressure recovery. The combination of vanes

and an aerodynamic grid into one cascade should allow air

flow turning and shock control with a reduction of weight

and volume (comoared with the present design approach), and

with maximum pressure recovery.

Objectives of Study

The primary objective of this study was to investiqate

various combinations of turninq vanes with an aerodynamic

grid, to see if airflow turninq and inlet shock positioning

functions could be combined into one cascade. Additionallv,

the applicability of the hydraulic analogy to studies of

this type was investigated.

Scope of Study

The principles involved in inlet operation and

efficient airflow turninq were researched in depth, to qain

_an understanding of the mechanics of aerodynamic grid and
turninq vane operation. The hydraulic analogy was

2
*..
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investigated, and then used to test models of various

cascade designs. Photographs were taken of water flow

through the cascades under different conditions, as an aid

in visualization of boundary layers, flow separation, and

hydraulic jumps. The study was, intended to be the initial

step in the development of shock positioninq cascade turns;

therefore, it 'did Rot involve gas dynamic tests of cascade

models.

%1
:,J
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In order to develop cascade designs and water table

tests, it was necessary to investiqate the princioles

associated with supersonic inlets, aerodynamic qrids , flow

turning in ducts, and the hydraulic analogy. External shock

inlets were the'only.kind of inlet considered in this study.

Inlets

External shock inlets operate in three vpodes:

subcritical, critical, and supercritical. A normal shock is

forward of the inlet lip in subcritical operation, a mode

associated with flow spillage around the lip (see Fiqure 1).

W The sptlge causes increased drag and reduced thrust when

compared to critical operation. Critical operation is the

condition when a normal shock occurs at the inlet lin and

there is no spillage. Supercritical operation occurs when

the normal shock is downstream of the inlet lip. There is

no spillaqe, but the shock is formed at a point where the

cross-sectional area is larger than that for critical

operation, and the shock occurs at a hiqher Mach number.

This results in greater energy, losses across the shock than

for critical operation. However, this mode is more stable

-. - than critical operation, as it takes more downstream back

pressure change to eject the shock forward out of the inlet

(Ref 3: 213-214). The position of the normal shock is

determined by downstream flow restrictions, so it is

23
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.-' sensitive to variations in exhaust-nozzle area and fuel flow

rate. So, most ramjet inlet-diffuser combinations are

designed to operate supercritically.

Efficient combustion of a fuel-air mixture requires

control of the flow velocity profile across the diffuser.

Fuel is injected into the flow immediately after the

diffuser, and the flow velocity profile should be as uniform

across the injectors as possible. A uniform velocity

profile also allows the flow to be tailored by flame-holders

into the optimum flame geometry for the system. This

profile control requires positioning the normal shock

forward in the vehicle inlet -'urinq supercritical operation

- almost to the Point of critical operation. If the shock

is too far downstream, a boundary layer of slower or

stagnant flow builds along the diffuser walls, in

* - association with and downstream of the shock. The farther

downstream the shock, the thicker the boundary layer. The

flow velocity in the central reqion of the diffuser becomes

much qreater than that of the region closer to the walls,

and this qreat nonuniformity causes a nonuniformitv in the

fuel-air ratio and a disturbance of the flame qeometry.

.* These factors often result in inefficiency or loss of

combustion, and are the reasons the aerodynamic grid was

developed (Ref 10: 3-4) (Ref 7: 135). A properly designed

aerodynamic qrid will produce a uniform velocity profile.

,.rodyna_'c_ Grid. The aerodynamic qrid is a flow

controller positioned aft of the diffuser and forward of the

, " ,, ' , ,- - - ., ---. "- . -.- --.- .- - .-. -. . ., ' ".



combustor in a ramjet engine. It consists of a grid of

short venturis, designed so 'that the flow through them is

subsonic when the diffuser normal shock is at or just inside

the vehicle inlet entrance. As the inlet flow velocity

increases, (due to a transient combustion instability, or to

throttling the engine) and the normal shock moves

downstream, flow in the venturis chokes when the mass flow

through them increases to the point of oblique shock

formation in the vehicle inlet, and boundary layer

separation in the diffuser (Ref 10: 4-5). The farther

downstream in the diffuser that a normal shock is

positioned, the stronger the shock, and the greater the

energy loss across it.

A grid creates increasing back pressure as the pressure

in the combustor drops. This increased back pressure holds

the diffuser shock forward, thereby improving the diffuser

pressure recovery. The flow losses in a properly designed

qrid are offset by a reduction in the energy loss that

otherwise would occur across the diffuser shock if it were

farther downstream (Ref 10: 2,3,5).

Flow Turninq. In some ramjet applications, the inlet

is not on the same axis as the vehicle. One such inlet is

envisioned in this work. The inlet is usually chosen to

avoid the masking of seekers or warheads in the forward part

of the vehicle, in the cases where a ramjet is mounted in

the vehicle body.

In this study, the inlet was a scoop, mounted next to

7



the vehicle body. The combustor and nozzle were mounted in

the vehicle body, necessitating turning the flow from the

inlet to the combustor (because the inlet and the combustor

were on different axes). It is desireable to turn the flow

with a good pressure recovery, and the turnino may be done

by a diffuser duct of either short or long radius. A long

radius turn has the best pressure recovery, but necessitates

a longer flow passage, and therefore more wall friction

losses than in a short radius turn. hlso, the longer inlet

would be heavier, and it might obstruct the seeker and/or

warhead. Hcwever, a properly designed set of guide vanes in

the miter turn can reduce the energy losses, and make the

performance of the turn competitive with the long radius

turn (see Fiqure 2).

Fluid flow around an unvaned miter turn is accompanied

by a change in the cross-sectional velocity profile of the

fluid, by a spiralling motion of the fluid, and by fluid

turbulence in the bend and further downstream (Ref 6: 203).

There are two main turbulent zones in a miter turn with

smooth walls. One is next to the outside wall, and the

other is on the inside wall immediately after the turn (see

Figure 3) (Ref 11: 2). Centrifugal force, on the fluid

particles as they qo around the turn, causes an increase in

pressure that forces their velocity to. almost zero near the

outer wall. The flow separates, and eddys result. Fluid

inertia and low fluid velocity, due to shear forces near the

inner wall of the turn, cause flow separation from the inner

8
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TURBULENT
"* ZONES

Figure 3 Mlter Turn with Turbulent Zones

wall immediately after the turn (Ref 6: 203). This pressure

gradient across a turn also causes, a twin eddy in the fluid

(see Figure 4a). The pressure is low near the inner wall,

it increases with radial distance across the bend, and then

it rapidly droos off as the separated region near the

outside wall is approached (see Fiqure 4b). This reduction

in pressure causes an outward motion of the fluid, which

turns into a double spiral throuqh the turn. All this extra

fluid motion adds to the friction losses, and creates more

downstream turbulence in the fluid (Ref 6: 203-204).

".- '
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Improved Turninq. What can be done to reduce the losses

in a miter turn? The introduction of guide vanes, or

splitters, into the turn divides the turn channel into

* passaqes with larger radius and asoect ratios, and improves

the pressure recovery. The radius ratio of a passage is its

radius of curvature divided by its hydraulic diameter (for a

rectangular passaga, the hydraulic diameter is four times

the cross-sectional area, divided by the wetted perimeter).

The aspect ratio (for rectangular passages) is the width of

the short side of a passage, divided by the length of its

long side. The flow resistance of a passage is affected

inversely by these two ratios, as miqht be expected from the

above explanation of flow losses. Insertion of guide vanes

into a miter turn changes it from a short radius turn to a

number of lonq radius turns with larger radius and aspect

ratios, when the radius of curvature of each vane is the

same as the radius of curvature of the inner wall of the

turn (Ref 4: 372).

Desiqning the guide vanes with airfoil cross-sections

introduces desirable effects. Such an aerodynamic cascade

combines the good radius and aspect ratios of guide vanes

with stream deflection toward the inner wall of the turn by

downwash from the airfoils. When the proper vane

angle-of-attack is selected, this deflection prevents flow

separation from the inner wall of the turn. A well-designed

cascade reduces elbow flow resistance and improves the

velocity distribution after the elbow.

12
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For a uniform velocity profile after the turn, an

optimum qap-to-chord ratio is 0.3 to 0.4 for water flow (Ref

11: 4). The gap-to-chord ratio is the ratio of the diameter

(or height) of the smallest part of the flow passage between

two adjacent vanes, to the vane chord length. As the

gap-to-chord ratio is reduced, the radius and aspect ratios

are increased ahd the pressure drop will decrease, until the

wall friction losses caused by blockaqe increases enough to

offset the drop (Ref 4: 373).

lydraulic Analogy (Ref 1)

The hydraulic analogy allows the modeling of a qas flow

system with a water flow system at a substantially lower

velocity than tha't of the qas. It is a two-dimensional

analogy to a two-dimensional gas flow, which mathematically

relates certain parameters in water flow to other parameters

in a gas flow. The models used in the analogy are usuall,

less expensive than gas flow models, and the test costs are

less than wind tunnel test costs. It is not a complete

analogy; however, the hydraulic analogy is good for tryinq

out and refining new ideas before gas dynamic work is done.

The assumptions involved in the analogy must be kept in

mind when using it. The water flow is assumed to be

two-dimensional, which only allows for neliqible

accelerations in the third dimension. The gas dynamic

situation being modeled is assumed to be inviscid,

isentropic, two-dimensional, anJ to have a ratio of specific

13
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heats (k) of 2.0. This last assumption oroduces some error

when the gas is air, but the error is small when consi.ered

with the errors introduced by the other assumptions. For

air, with k=1.4, the error in P/Pe computed with k-2.0 is

less than 5% at a Mach number of 0.5, and less than 20% up

to Mach 3.0.

Water heigiht measurements were the bases for the

comparisons between water and air flows in this paper.

Height measurements were used to compute gas pressure

ratios, Mach numbers, and gas velocities, according to the

relations in Table I. In the table, corresponding

relationships for air and water flows are located on the

same lines, in their appropriately labeled columns.

One design factor that cannot usually be matched in the

hydraulic analoqy is Reynolds number (see Appendix A). Fv-l

though Reynolds numbers are not usually matched, water table

models are very qooi for flow visualization purposes. A

slow water flow, from 0 to about 5.0 ft/s, corresponds to

airflow up to Mach 3.0. Dye may be injected into the water

to study flow separation, streamlines, and turbulence.

Hydraulic jumps, which are sudden increases in water depth,

form close to points where shocks would form in a qas

dynamic flow. Jumps are a very qraphic means of supersonic

flow visualization that are visible without complex optical

systems. The water depth increase across a jump is

analogous to the increase in nressure across a shock wave.

14
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III. Design of Shock Positioninq Cascas3e Turns

Reynolds Number

Research on aerodynamic grids has shown that the

distribution of the flow exiting an aerodynamic grid does

not generally depend on the grid pattern, if the orifices

**' are "small" in"relation to the duct cross-sectional area at

the grid position. This should be true for flow-turning

grids, too, as the flow distribution at their exits would

deoend on the size of the jets from each orifice. A lower

limit on the orifice size, based on the minimum

cross-sectional dimension of the orifice, is a Reynolds

number of about 100,000 (Ref 9: 7). The orifice size also

determines the minimum distance that the grid may be placed

*> forward of the combustion chamber. The larger the openings,

the larger the spikes of hiqher-velocity flow in the grid

exit velocity distribution, and the longer the flow passage

will have to be between the grid and the combustor to allow

enough mixing to reduce the spikes for a uniform velocity

profile in the flow entering the combustor. The exact

distance is specific to the design, and must be determined

exoerimentally (Ref 10: 4). In the case of this study, the

flow blockage of a grid used in a current ramjet design was

used as a baseline. The grid has approximately 44% of the

flow blocked, figured by lividinq the total grid orifice

- cross-sectional area by the cross-sectional area of the duct

at the grid position, and subtractinq the resulting ratio

'i 1 6
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from one.

The Reynolds number of the water table models could not

be matched to the Reynolds numbers expected in actual engine

operation, for the reasons given in Appendix A.

Throat Mach Number

A cascade should have good pressure recovery when the

diffuser is operating critically, as this is the ontimum

engine operating conlition. According to a research report

(Ref 9: 3), the cascade throat Mach number should be 0.5 to

0.6 when the diffuser is operating critically, for a good

comoromise between Pressure loss and effectiveness in

controlling the mass flow into the combustor. On the other

hand, a cascade s hould choke when the flow through it

accelerates to the point of oblique shock formation in the

diffuser. The solidity (the ratio of a vane chord to the

separation between vanes) of the cascades was chosen so that

the orifices choked at a maximum upstream Mach number of

0.465 (Ref 9:3). This value of Mach number was chosen

because it had been used in aerodynamic grid tests to

maintain inlet shocks in their desired positions.

Vane )esiqn

For lizuids, the pressure recovery of a vaned miter turn

is ootimized in the 2.22 to 4.0 range of cascade solidity

. (Ref 4: 373). In air, a compressor cascade usually has a

solidity of about 1 (Ref 3: 267). The solidity of the

S.2,
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reference grid is approximately 1.5. Two solidities were

chosen for the models in this study, one on each end of the

spectrum (see Table II) It was decided to design the

models this way because of the apparent requirement of

different solidities for water and for air. The testing was

to be done in water, and the actual use of cascades in

engines is with air flow. The required solidity has an

effect on the qeometry of the vanes, when coupled with the

requirement for a specific size for mass flow control. A

large solidity, as opposed to a smaller one, will qive a

relatively small pressure dro around a corner, due to the

corresponding relatively large radius and aspect ratios.

However, a larqe solidity also gives greater losses due to

increasing channel' blockaqe (Ref 4: 373). Larger solidity

leads to less aerodynamic lift on each vane, so the adverse

pressure gradients along the suction sides of the vanes are

reduced. The flow is less likely to separate (Ref 3: 267).

With these concepts, each solidity has to be experimentally

chosen for a specific application.

"f, during testing, it is seen that the turbulent zone

next to the inside wall immediately after the turn still

exists with the cascade in piace, the angle-of-attack of

each vane can be increased until the zone disaopears (Ref

11: 10). This increase may also lead to increased flow

separation and energy loss for each vane. Once again, this

should be considered during exnerimentntion, as it cannot be
e y..aieasily predicted.
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-. . Some of the cascade vane forebodies used in this study

were designed so that the passages between vanes formed the

converginq parts of converqinq-diverainq nozzles. The

remainder of the forebodies were desiqned for smooth flow

turning in the cascade oassages, so the performances of the

resulting cascades could be compared to the performances of

cascades desiejned. with the other philosophy. The vane

forebodies are working in a favorable oressure qradient, so

is it is not necessary to use them to form passages

according to an area ratio (as in a nozzle). It should be

possible to vary the forebody shapes to have thebest vanes

for qood cascade pressure recovery during unchoked cascade

ooeration. However, the vane forebodies are also always

working in subsonic 'flOw, and a blunt forebody which was not

desiqned for a smooth flow-passaqe area reduction might

cause abrupt flow re-adjustments. These flow re-adjustments

would be due to the abrupt change in duct cross-sectional

area (from the area just forward of the cascade to the

cascade entrance), and could send pressure disturbances

forward in the subsonic flow, into the vehicle diffuser,

which would interfere with the inlet shock.

Sumary

The models used in this study were designed with

solidities of 1.59 to 3.03, in an attempt to show which end

of a solidity range of 1.5 to 4 gave the best cascade

pressure recovery. Three of the models were constructed so

,- f '1



their individual vane anqles-of-attack could be varied from

0 to +100. The models were designed for a cascade inlet

area to cascade throat area ratio that caused the cascades

to choke when the Mach number at the cascade inlet reached

0.465. This condition also resulted in a cascade throat

Mach number of 0.5 to 0.6 when the vehicle diffuser was

operating critically, as stated in Reference 9 and verified

experimentally during this study..

St
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- ..::" IV. Procedure

Set-Un and Photoqraphy

A combination of wood blocks to simulate the desired

flow conditions into and out of the cascade were set-up on

the table surface. Two different types of set-ups were used.

With one, the exact flow-conditions through the cascade were

of concern for death measurements and photographs. With the

other type, over-all flow visualization was the concern, so

blocks were set-up in an attempt to simulate a ramjet inlet.

The latter set-up uas used to visually check the cascade

Performance in the flow-control area, rather than checkinq

pressure loss and specific Mach numbers. This points out

tsome of the qood qUalities of water table experimentation;

many different flow conditions can be set-uo and checked

*quickly, inexpensivelv, and relatively easily.

The optics were positioned, with the cascade being

tested in the light beam, so that the area of interest could

- be observed. Photographs were taken of the flow through the

cascade at each test condition from below the water table.

Under some conditions, pictures were also taken from above

* the table of the flow through the cascade beinq tested, and

of the entire test set-un. The pictures were taken as an

aid in flow visualization, and to point out any previously

unobserved Phenomena. The Pictures can be found in Appendix

D.
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SFlow Control Tests

The flow control qualities of cascades, as visualized

on the water table, were judqed in three ways. The first way

Swas by visually confirming the flow vattern around a cascade

with and without dye injected into the flow. The flow

control tests were done with a hydraulic jump in the inlet

to simulate a'shock for the inlet's supercritical operating

condition. The next method was to measure water depths at

different positions in and around a cascade to find the

Froude numbers at those positions, and then to adjust the

back pressure seen by the model until the desired Froude

numbers were produced. In some instances, the measurements

were not taken inside the cascade passages, as it was judqed

that the turning flow had enough vertical acceleration to

invalidate the hydraulic analogy in the Passages. That lead

to the last method of determining flow control qualities.

When vertical accelerations would not allow direct

measurement to see if a Froude number of one had been

reached in the cascade, siqnifying choked flow, shadowgraph

and direct visual observations were used to confirm or deny

the existence of a hydraulic jump downstream of the cascade

throat. The hydraulic jump under these conditions is

indicative of the presence of a normal shock in gas dynamic

flow (boundary layer effects are disreqarded) in Shapiro's

regime II (Ref 7: 140,141), developed in an analysis of the

operatinq conditions of converginq-diverginq nozzles. In

this reqime, the flow rate is independent of the back

:i 22

,.' ,p,.. " : _ : , ' " '_- •" . __. ., " .' "•" ,' " '" • " " ,- . " " " " - _• _ . "



4. pressure. So, if a hydraulic jump was observed in the

cascade, downstream of the cascade throat, the cascade was

operatinq in one of this reqime, and considered choked.

qr
g2.

'S
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"- .: V Exoerimental Eiuioment and Methods

Wliter Table

The water table was used to study flow characteristics

through different cascades,, by way of the hydraulic

analogy.

The AFIT Water. table has a test area of plate qlass, 4

ft wide and 8 ft lonq, lying, horizontally between two

.' * reservoirs. Water from the head reservoir flows through two

filters, one of cheesecloth and the other of metal screen,

into the test section. The screens filter out small

-" particles, and smooth the water flow for a more uriform

velocity profile at the head of the test section. Exiting

the test section, the water passes over a weir whose heiqht

may be adjusted by the table operator. The water then

enters a receiving tank, where it is recirculated by means

of a pump and valves back into the head tank.

The water depth may be controlled by adjusting the weir

height, and/or by using the valves to control the pump

output (the water head in front of the model).

Test Sections

Two-dimensional wooden nozzles were used to simulate

the engine inlet, so the flow conditions into the cascade

,..' could b2 adlusted as desired. .ovinq the forward ends of

the inlet blocks closer together or farther apart varied the

flow velocity into the cascade from a simulated low subsonic

24
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to supersonic forward of simulated shocks, denendinq on the

back aressure. Straight-walled blocks were used to make a

'" oarallel-walled channel downstream of the cascade beinq

tested. Various blocks wera used as nluqs in this channel

to control the back pressure seen by the vanes.

Cascades

Five different cascades, Al1 constructed by the AFIT

shops, were constructed of cast epoxy resin and Plexiglas in

the following manner. First, a wood pluq was shaped to an

airfoil with the desired cross-section. Then, a two-',iece

Fiberglas mold was laid-up around the airfoil. The mold was

coated with a separator (to facilitate removal of the

casting), bolted together, and filled with the liquid epoxy

mixture. After the epoxy had set-up, the mold was removed,

and the epoxy airfoil was sanded to the desired surface

finish and painted flat black. The five cascades each had

five vanes. A model of an aerodynamic grid was constructed

by the shops out of wood blocks, for use in flow comparisons

with the cascade models.

The vanes for each cascade, and for the grid, were thenS.!

fastened with screws to a clear Plexiglas plate, which

maintained the proper separation and orientation of the

vanes. Clear Plexiglas was used to allow photography of the

flow through the models with a shadowgraph. See Appendix B

for sketches of the airfoils an3 of the grid cross-section

used.

2 ro
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Optics

Visual observations and photographic recordings were

made of the water flow patterns through the cascades, using

a shadowgraph optical system. The system consisted of a

light source, a spherical mirror, a flat mirror, and a paper

screen taped *to the underside of the water table. See9

Appendix D for a photograph of the system.

" The light source, a mercury lamp and condenser lens

combination, was located to the side of the test section.

The 8-inch diameter, 71-inch focal lenqth spherical mirror

was located directly across the water table from the light

source. The mirror, angled upward, reflected a oarallel

beam of light from the source to an 8-inch diameter flat

mirror directly above the test section. The flat mirror was

angled such that the light would be reflected down, through

the test section, and onto the paper screen.

Alignment of the optics consisted of four steps:

adjusting the distance between the lamp and condenser lens,

so the light was focused by the lens on as small a point as

possible; positioning the light source so that the lens

focal point coincided with that of the spherical mirror;

aiming the spherical mirror nreciselv at the flat mirror;

adjusting the flat mirror in three dimensions so as to

produce the best image on the screen of the cascade being

tested. Because of the difficulty of this final adjustment,

the mirror was attached to a camera tripod (the attachment

'4
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head of the tripod could be adjusted around three axes of

rotation). The tripod was olaced on the water table with

the legs out of the way of the water flow through the test

section.

The water flow through the test section could be

observed visually from above or below the water table, and

, photoqraphs were made from below. A 35mm SLR camera was

used, with a 50mm lens and two types of film (Tri-X exposed

at 800 ASA, and Ilford XPl-400 exposed at 1600 ASA).

nepth Measurements

Water depth measurements were made using a vertically

translating pointed steel rod. Attached to the rod was an

indicator which allowed measurements to the nearest

hundredth inch on a steel rule. The rod was moved by

. turning a thumbwheel which bore against a frame made of

aluminum angle with Plexiglas legs. The frame also had a

set-screw and holder for the steel rule.

Measurements were made by first moving the rod down

against the water table glass surface, and then by moving

the rod until its point made contact with the water surface.

Initial surface contact by the rod was noted by a dimpling

of the water surface due to the water surface tension, or by

surface tension waves set-up by the contact.

' .
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., ."" VI. Results

Shock Positioning

Each cascade was tested for its ability to keep the

engine inlet shock positioned aft of the inlet throat, and

forward of the point where the diffuser wall boundary layer

thickened enouh to grossly interfere with the shock. The

cascade passages had a throat-to-cascade inlet area ratio

that would cause flow choking at a specified cascade inlet

Mach number. The results of this test were completely

visual; a check was made on each cascade to insure that the

inlet hydraulic jump never gained enough strength to produce

the oblique shocks and boundary layer separation seen in

Figure 5. The test was passed by each cascade.

PressureReco very

The differences among the cascade perZormances fell

into the area of pressure recovery, and the determinants of

pressure recovery were: cascade diffusion angle; vane

angle-of-attack; radius ratio; the wall shapes of the

cascade flow passages. The values for pressure recovery

given in Table II should be considered carefully, with the

following explanations in mind:

1. The pressure ratios were obtained by the hydraulic

analogy, and were based on measured water depths. From

Table It P./3 4 ) LrC(*/fwAw

with subscripts . and F denoting aft and forward of

28
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the cascade, respectively. go, the accuracy of the

pressure ratios depends on the accuracy of the depth

measurements, and on where they were taken.

2. Some of the depth measurements were made in regions

where surface waves allowed only approximate

measurements.

3. The flow did not have a fully developed velocity

profile anywhere in the tests in this study; and due to

variations in water depth because of the different

velocities in undeveloped flow along a cross-section,

water depths presented as section-dependent (throat,

forward of cascade, etc.) are actually point-dependent.

The judgement of the experimenter was involved in

selecting the depth measurement points which were to

represent a particular cross-section.

The pressure ratios should not be taken as exact values#

but should be compared among the cascades tested, as each
was tested under similar conditions. A wooden model of the

reference aerodynamic grid was tested for comparison to the

cascades, and its test results are also found in Table II.

Radius Ratio. A large radius ratio was associated with

better oressure recovery in this investigation. Contrast

the results for cascades 2, 3, and 4 with the results for

cascade 5 (see Table II). However, radius ratio is not the

controllinq factor in pressure recovery, as can be seen by

comparing the results for cascades 1 and 3. The improvement

,.. in pressure recovery, if any, due to radius ratio was

.4.' 31
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probably overshadowed by other design factors.

Wall Shape. Refer to.Anpendix B for sketches of the

airfoils and of the grid cross-section used in this

investigation. The cascade passage wall shapes vary from

those that give a smoothly turning flow (numbers 3, 4, and

5) , to those that present the flow with sharp corners

(number 1) or large turns to negotiate (number 2). There

was no direct correlation between wall shape and pressure

*: recovery, within the accuracy of the measurements. However,

the photographs taken of flow through the cascades (see

Appendix D) show that cascades number 1 and 2 suffer from

more severe flow separation at the corners and hard turns

than the other models suffer in their entire flow passages.

Smooth curves an'd smooth changes in curvature were

particularly important to the diffuser sections of the

cascade passages. The diffuser sections were working under

an adverse pressure gradient. An abrupt change in the wall

curvature could have caused flow separation, as haopened

with cascades 1 and 2, when the cascade was supposed to be

operating at its best pressure recovery. The best cascade,

in terms of oressure recovery at zero angle-of-attack

(number 5), was also the one with the smoothest wall shaoe.

Solidity and Blockage. Solidity and blockaqe did not

have a clear effect on pressure recovery, either. The

entire ranges of both solidity and blockaqe tested would be

good for cascade designs, according to the test results.

Still, it would be good to try and desiqn cascades with as

:" 32
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large a radius ratio and as small a blockage as possible, to

lengthen the effective radius of the turn and to reduce the

wall friction as much as possible. See Table II.

Cascade Diffusion kngle. The cascade diffusion angle

represents the rate at which an outlet passage (from throat

to exit) of a cascade *opens uo" This angle is the angle

between a tanqent to a point near the outlet edge of the

upper surface of a vane, and a tangent to a point located on

the under-surface of the vane on the same cross-section (see

Figure 6). The diffusion angle is an indicator of how much

the flow has to turn, within the cascade, against an adverse

pressure gradient. In lookinq at Table II, it can be seen

that there can be no direct correlation drawn between

diffusion angle and pressure recovery. However, the cascade

with the hest recovery (number 5) has the smallest diffusion

angle, and the cascade with the worst recovery (number 4)

has the largest diffusion angle. Diffusion angle did have

an effect on whether or not an increase in vane

angle-of-attack was effective in reducing the size of the

turbulence zone after a turn.

Anqleof-.Attack. Three of the cascades, numbers 1, 4,

and 5, were tested with the angles-of-attack of their vanes

increased. As a result, the turbulent zone on the inner

wall after the turn disapoeared in the test of cascades 1

anI 5. The zone shrank sliqhtly with cascade number 4, but

did not disappear. The separated area of flow on the rear-"

suction sides of the vanes in number 4 (due to the large
d
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DIFFUSION
* ANGLE

* Pigure 6 Cascade Diffusion Angle

divergence angle) was increased in size. This neqated any

effect that the cascade downwash had on the turbulent zone.

So, it appears that increased vane angle-of-attack only

* helps in cascades that have almost no flow separation from

the vanes at zero ;ngle-of-attack (those with smooth wall

curvatures and low diffusion angles).

PieFlow. A comparison was done to check the

calculated pressure ratios versus a pipe flow analysis of

the same system, for possible use in the design process (see

Appendix C) . Admittedly, it was an approximate analysis,

but it allowed a check for order- of -maqnitude errors and a

check of trends. The pipe flow model is fully develooed,

steady, and in straight ducts of constant cross-sectional

area.. The test flow was none of these (Ref 8: 1,2).

However, there was a correlation, as can be seen from

comparing the columns of Table II.-



VII. Conclusions and Recommendations

Conclusions

This study showed that a flow-controllinq cascade turn

can be designed to accomplish the shock nositioninq function

and to have a pressure recovery comparable to that of an

aerodynamic grid. The study also proved the utility of the

water table in preliminary testing of these cascades, and in

flow visualization.

*The shock positioning function was accomplished by all

of the cascades.

The pressure recovery was a function of the cascade

Sdiffusion angle, the individual vane anqle-of-attack, and to

some extent the curvature of the vane surfaces. Giving the

vanes a small amount of positive angle-of-attack improved

the pressure recovery of two cascades with small diffusion

angles, but did not improve the recovery of one with a large

diffusion angle. The curvature of the vane surfaces was

important in determining the point(s) where flow separation

occured, and in how abruptly the incoming flow had to adjust

to the conditions imposed by the cascade. The pressure

recovery was better for a cascade with a forebody that had

no abrupt changes in curvature, than for a cascade with such

changes. So, the factors which lead to the best pressure

recovery were smooth wall curvatures, small diffusion

angles, large radius ratios, and medium amounts of blockage.

Y.,.



Recommendations

Based on this study, it is recommended that work be

done in gas dynamic tests of shock positioning, flow turning

cascades, using the designs from the study as starting

points. The gas dynamic work would allow validation of the

concepts in shock positioning and pressure recovery put

forth in this study..

The vice flow analysis d escri!)ed herein needs gas

dynamic validation, as it could be a good tool for

estimating the pressure recovery of turning cascade designs

before they are constructed. Further work in the AFIT

blow-down wind tunnel or low pressure shock tube would

accomplish the validation task, and possibly yrovi~e the Air

Force with hardware designs useful in ramjet-Powered

vehicles.
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Apnendix A

!:!

Cascade Design

The criteria used in this study for the desiqn of a

cascade were:

1 1. The determining factor for whether or not guide

vanes shoUld be used in a turn is the ratio A/h : for

a constant area turn, A/,, £0.4 to 0.5 calls for vanes;

for a diffusing turn, A/Dh i 1.0 calls for vanes; for a

reducing turn, P/Nh A0.2 calls for vanes (Ref

5:201-203).

2. Mach 1 at the passage throats when Mach 0.465 is

reached at the passage inlets. So, &/s - 1.365481874.

3. Reynolds number of 100,000, based on the smallest

orifice dimension, as a minimum. This Reynolds number

cannot be matched on the water table, but it is still a

design factor. For example: assuming the Reynolds

number is matched, what characteristic length is needed

for a water model to correspond to an air model?

At 60 F, sea level- ~. I.r 3L "0

1.- 17 0'r ft'e/S
F'- or ,F-I - V4 " 1337 F4/s

C 00 ir rs" ft/ e o. 1;#%

for a critical qrid dimension (that of an individual

3.3
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flow passage openinq) of 0.0183ft, LW- 1.22ft.

Considering that the cascade will have at least four

passages, the water table is not larqe enough to handle

such a model. Even with water at its boiling point, Lw

= 0.32ft• This is still too large, when the vane

thickness for such a model is included.

4. Turn angle of 90, so J R/,;A I2 A A in

5. Number of vanes, n Z.3 (/')I (Ref 5: 200-201).

6. Spacing of vanes, B~m~ 1 .Check that K/0, :!

0.4 to 0.5.

7. Consider using a 2% trailing edge "droop", to

- account for boundary layer narrowing of the flow

passage.

S. Desired solidity, k

a) A low solidity means wide vane spacing, and a

higher lift per vane.

b) A high solidity means narrow vane spacing and

- lower lift per vane, but it also-means larger

losses due to blockage and friction.

9. 'ote that all these conditions, qiven D ,

overspecify the design. Only one solidity is oossible:
s! . , .  a- 1,;A qr" /

'"42 13 ",h +8 :

"' If the duct is rectanqular, Ph- e 4-0 0r
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So, m depends on Ph and if D4 is given, -41 is

specif ied.

It was decided that criteria numbers 2, 3, 6, 7, and 8 were

the critical ones, and that the others could be adjusted

sliqhtly to allow for changes in solidity.

: knother factor not considered in this study, but one

that must be carefully considered in the actual desiqn of a

cascade for an enqine, is the number of vanes. It will have

an impact on how close to the combustor flameholders or dump

reqion a cascade can be placed. The fewer the vanes, the

farther upstream the cascade Will have to go, to allow a

uniform flow velocity orofile in the duct prior to the

combustor.

With the above design factors in mind, the layout of

4. athe vane cross-sections was relatively simple (see Appendix
B). On a sheet of graph paper, a 90 arc of a circle the

proper radius was drawn to be either the vane underside or a

guide for the vane drawing. Another arc was laid out above

.the first, with their centers of curvature H distance

apart. Then a comoass, set to the distance 5 , was used to

scribe out the passage throat heiqht. See Figure A-1. Next,

the distance (an, if a 2% allowance for boundary

layer effects was included) was laid out, and the remainder

of the uoper surface was Lilled in with a French curve.S.
40
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Aooendix i3

Vane Cross-3ections

On the following nages will be found the airfoil

sections used in this study. The grid model cross-section

is also included. All of the drawings are to scale for the

models used on the water table.

Cascade I was designed to be a converqent-divergent

nozzle, bent around a 90e turn, and to have a small diffuser

divergence angle. Note the share corner at the throat,

which was a result of the combination of blockage and

a.' solidity chosen.

Cascade 2 was also designed to be a C-D nozzle, bent

around a 900 turn. in order to have no sharp corners

internally, smaller solidity, blockage, and a smaller radius

ratio than in the design of number 1 were chosen. It has a

diffusion angle larqer than that of number 1, but s-aller

than those of numbers 3 or 4.

Cascade 3, a curved C-D nozzle, was designed to have a

smoother, less sharp internal turn than number 2. Tt has

the same solidity, blockaqe, and radius ratio as cascades
*49;

number 2 and 4, but its diffusion angle is midway between

those of numbers 2 and 4.

Cascade 4 has a semi-blunt forebody, and the largest

diffusion angle of all the cascades in this study. It turns

the flow more in its diffuser sections, and less in its

forebody passages, than any other cascade in this study.
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C4scade 5 was designed to incoroorate the best

qualities of the other four designs. It has the smallest

diffusion anqle, smooth internal turns, relatively small

blockage, a larqe radius ratio, and is a curved C-D nozzle.
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-Aopendix C

Pine Plow Analysis

In an effort to find the static pressure loss across

each cascade when working under conditions for ootimum

pressure recovery, an analysis of the fluid flow through a

cascade passage was done as if the flow were fully developed

and in a duct of constant cross-sectional area. The values

obtained were then compared to measured static pressure

losses, which were derived through the hydraulic analogy.

See Fiqure C-1 for a flow chart of the pressure ratio

calculation.

The surface roughness,, of each cascade model and of

the grid model, was measured with a profilometer. The

models all had rouqhnesses on the order of 0.0004 ft.

The roughness of each cascade was divided by the

hydraulic diameter, D, of the smallest cross-section of a

passaqe from the particular cascade model, to get the ratio

I' £- . The Reynolds number of each passage was determined

by the use of the kinematic viscosity of water at 80 F, the

passage hydraulic diameter of the water table model, and the

velocity of water through the passage. The velocity was

obtained through the hydraulic analogy (using Table I), the

water height, and the local Froude number from the

particular test involved in the calculation. Then, the

relative roughness, (/VD, f and the Reynolds number were used

as entering arguments in a Moody diaqram to find the D'Arcy
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friction factor, 1f (Ref 2: 214,215,539).

Por a perfect qas, with steady and adiabatic flow, the

followinq equation relates static pressure chanqe, velocity

change, area chanqe, and friction:

. J --- Ii{d-,.W Kl)qf + -
Ie.( KklI ' + AV 1K VM7

-- Oh

(Ref 7: 231)

In general, - Y /h, where h is the distance

between two points in the domain of Y f (X.)

with the closeness of the anproximation dependinq on the

distance between the two points being examined in the domain

of Y . So,
SK f

A a O because the inlet and outlet of the cascade

have the same cross-sectional area. Let us examine the

function around point 1, the inlet of the cascade, and

assume that point 2, the outlet of the cascade, is not

functionally very distant from point 1:

Dgj
XI,Pa -,

--
K.A fP Z (h' 1 ' V V J

This equation was used to calculate the pressure ratio

across a cascade, by substituting the If value derived,

above, for pipe flow in a cascade nassaqe. In addition, A(f



for a Reynolds number of 100,000 was found. This friction

factor was obtained for comparison (it is supposed to be theUminimum for an aerodynamic grid orifice under actual

operatinq conditions) to the friction factor obtained in the

water test, to see if wall friction calculated in thisp!manner had much of an effect on the static nressure ratio.

As can be seen in Table C-I, the friction factors calculated

from the water tests were about. 30% larger than those from

the Reynolds number of 100,000. 1owever, the static

pressure ratios calculated from each factor were the same

out to two decimal places. So, in this comparison, the wall

friction factor does not have much impact on the static

pressure ratio.

WIn the pressure ratio equation, Xx-X, was the average

path length a fluid particle would flow through a j-scale

cascade, and D, was the hydraulic diameter of a 4 -scale
cascade. V, and Vg were calculated by converting water-test

Mach numbers ahead and behind the cascades to velocities in

air at sea-level and-80 F.

So, the friction factor was determined from water flow

conditions, but the remainder of the problem was modeled

after postulated "actual" conditions. The results of the

calculations can be found in Table C-i.
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:}!? ":": Appendix D

Photographs

4.4

.- Figure D-1 Cascade 1, Optimum Inlet Pressure Recovery
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Figure D-2 Casc;-de 1, Cascade Choked

~I ~.4-)Figure D-3 CaScade 2, Cptirlum Itilet Pressure Itecover)
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¥~i-gure-6 Cascade 3, Optimum Inlet Pressure Recovery'

141

,..

Figure D-7 CUscade 3, Cascade Choked
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Figure Dl-10 Cascatde 4, Casca~de Choked
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Pi6Lre D-14 Grid, Cptimuu Inlet Pressure Rtecovery

FiLure D-15' -Grid Choked
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Figure D-16 Grid From Above, JkiowinC, Hydr,-'tJic J .:ns

AN

Figure D-17 Normal Hlydrau~lic Jump in Inlet
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