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I. SUMMARY

Diffusers for subsonic flow may be designed to achieve high recov-

ery of kinetic energy in the form of pressure by use of slot suction

and a proven analytical technique. This basic concept, known as the

Griffith diffuser, has been thoroughly demonstrated for axially symmetric

diffusers and briefly attemped with so-called two-dimensional diffusers.

Herein a boundary layer analysis has been applied to a candidate design

to determine the amount of sidewall bleed required for boundary 1ayer/'

control. The analysis predicts that about one percent of the entering

flow, properly arranged, can insure attached flow.
Based on the total bleed requirement of the diffuser, a thrust

analysis has been performed to determine the relative merits of the

Griffith diffuser and a conventional short diffuser. The Griffith dif-

fuser is expected to produce about 5% greater range at cruise and about

6% greater thrust at a take-over condition. These results are expected

to hold or be surpassed in a more detailed system analysis having the

capability of varying the vehicle afterbody to optimize thrust. r f
Based on the above prediction, it is recommended that a two-dimen- ' 4

sional diffuser be tested to document the prediction of bleed require-

ment and performance.
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II. INTRODUCTION

Short curved wall diffusers having contours designed by using an
inverse solution of potential flow theory, have demonstrated high effi-
ciency in converting fluid kinetic energy to static pressure [1]!. The
shortness in axial length and uniformity of exit velocity distribution
of the diffuser are attractive for applications where these character-
istics are essential. The inverse solution method [2] specifies the
diffuser inlet, exit, and wall velocity distributions in a transformed
plane, (¢-y) or velocity potential and stream function plane, without
prior knowledge of the diffuser shape. The solution is in the form of
a In|q| distribution throughout the (¢-y) domain. Through a transfor-
mation the physical shape of the diffuser is readily determined.

For the potential flow theory to be accurate in the application of
diffuser design, the boundary layer throughout the flow field must be
kept thin. To fulfill this requirement, the wall velocity distribution
is prescribed in three distinct regions, namely, an inlet wall region,
an exit wall region and a slot region. Maintaining a constant or
slightly accelerated velocity distribution in the first two regions in-
sures a minimal Tayer growth. An abrupt deceleration takes place with-
in the slot region to accomplish the change in wall velocity from a
high value in inlet wall region to a Tow value in the exit wall region.
Boundary layer control in the form of bleeding or suction in the slot
region enables the remaining flow within the boundary layer to navigate

the strong adverse pressure gradient.

1 Numbers in brackets are References at the end of the paper.
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When the pressure level of the flow at the slot region is above
the ambient, the boundary layer can be bled merely by providing an open-
ing to the ambient. When the pressure level is below the ambient pres-
sure energy must be provided to pump the fluid to ambient pressure.
This type of contoured wall is similar in velocity distribution over the
upper surface in shape to the high 1ift airfoil designed by A.A. Griffith
{3]. To distinguish this type of curved short diffuser from other em-
pirically derived curved wall diffusers, we refer to the curved short
diffusers as Griffith diffusers. The amount of fluid which must be
bled can be predicted by applying Taylor's criterion [4] which requires
the fluid within the boundary layer to possess a minimum amount of kine-
tic energy (or velocity) to overcome an imposed pressure gradient. This
requirement implies that the characteristics of the boundary layer of
the flow entered and the local pressure jump determine the slot bleed
rate. The pressure jump in this case reflects the diffuser area ratio.
In certain flow systems, the flow enters the diffuser having a thin
boundary layer, so the slot bleed rate would be Tow enough to be attrac-
tive in using such type of diffuser.

In a Griffith diffuser, the only pressure loss is due to friction.
By the very nature of the ditfuser it could be very short, therefore,
even the skin friction would be a very minute amount. Experimental data
[5] further suggest that the Griffith diffuser not only operates stably
with a distorted flow distribution but also a disturbence at the inlet.

In bell shaped and annular diffusers, only the slot bleeding is to
be concerned with, whereas in a two-dimensional diffuser, one needs to
also consider the scheme of bleeding over the parallel walls. In such

two-dimensional diffusers there exits a pair of parallel walls in addi-
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tion to the pair of contoured walls. A three-dimensional boundary lay-
er develops on this pair of parallel plane walls and is exposed to a
range of pressure gradients. Near the region of the abrupt wall velocity
change along the junction of the diverging curved wall and the parallel
plane wall, the adverse pressure gradient is strong and the flow would
separate from tne parallel walls provided there is no means of control-
ling the boundary layer. Away from the junction toward the center por-
tion of the diffuser the boundary layer over the nlane walls is subject-
ed to a relatively milder adverse pressure gradient yet in most of the
short diffusers it is sufficiently strong to require some degree of
boundary layer control. Thus a distributed boundary layer bleed rate
would be necessary to yield a total parallel wall bleed rate low enough
for practical application. Up to now experiments conducted for two-
dimensional diffusers used a uniform bleeding scheme for the parallel
walls and the total bleed rate was generally much higher than desired
6].

In a ramjet application, high effectiveness of the subsonic dif-
fuser is desired. Air within the subsonic diffuser has much higher pres-
sure than the ambient which facilitates boundary layer bleeding, there-
fore the Griffith type diffuser presents itself to be a potential cand-
idate for such an application. +

The objective of this phase of investigation isto assess the merits
of a two-dimensional Griffith type subsonic diffuser for ramjet applica-
tions when compared to a comparable short length straight wall diffuser.
The selection of the two-dimensional diffuser is determined from ramjet
technology rather than diffuser considerations. Generally a technology

gain in a system element which, by itself, allows a range or thrust growth

4
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is anticipated to result in a multiplied effect greater than its sole
incorporaticn. This effect may usually be used to advantage by alter-
ing the overall design of the vehicle to allow best vehicle performance.
Such activity is beyond the scope of the effort reported herein.

The effort described in the following first addresses the theoret-
ical assessment of sidewall bleed flow rates required for the diffuser.
In an ideal situation the suction rate is everywhere varied but in a
practical system the ideal is approached by perhaps a two- or three-step
permeability wall. The technology for such a wall is reasonably well
advanced by using porous materials. Such technology is not expected to
require a large cost increase because there are no special active con-

trols or moving parts.




II1. DIFFUSER DESIGN AND BOUNDARY LAYER ANALYSIS

Diffuser Contour

Using the Clemson University Potential Flow Inverse Solution Com-
puter Program [5] to design two-dimensional contoured wall diffusers,
one specifies the diffuser inlet and exit velocity distribution and the
velocity distribution along the contoured walls. In this analytical in-
vestigation a symmetric diffuser was considered therefore only one con-
toured wall was involved. The design inputs specified were uniform,
but not necessarily parallel flow upstream and parallel flow downstream.
The velocity along the contoured wall gradually accelerated by 10% immed-
iately upstream of the bleed slot and took a rapid drop to 0.4 of the in-
let velocity across a narrow slot. Since the design input does not spec-

ify directly the area ratio and the exit height to centerline length, a

trial and error procedure was used to yield a diffuser geometry having

an area ratio of 2.5 and an exit height to centerline length ratio of
1.0.

Several computer runs were made. Among them, two were near the
geometrical specification and were selected to be shown in Figures 1 and
2. From the computer output the location was selected where the stream-
lines are virtualiy parallel; this Tocation was designated as diffuser
inlet. The first design has an area ratio of 2.49 and exit to length
ratio of 1.036 and the second has the ratios of 2.499 and 0.9. Either

of the designs should be considered close enough to the specifications.




In the potential flow, thirty streamlines were used to represent
one half of the symmetric 2-D flow field. Five of the thirty were stream-
lines making up the flow field of the suction slot. The remaining 25
streamlines constitute the entire flow field downstream of the suction
slot and the greatest part of the field upstream of the suction slot.

In subsequent analysis the dimensions of the diffusers were:

Inlet Height 2 inches
Exit Height 4.98 inches and 4.998 inches

Centerline Length 5.159 inches and 4.498 inches

Boundary Layer Analysis

a. Slot Bleeding Requirement

In preparing the input for the potential flow inverse solution
computer program, the slot bleeding rate must be specified. Additiona
analysis is necessary to verify that the specified slot bleeding rate
meets the Taylor criterion. Based on previous experience, a 3% slot
bleed was assumed. Using the inverse solution and Herring and Mellor's
program [7], a turbulent boundary layer analysis was performed having a
one-seventh power law distribution, a displacement thickness of 0.002 ft,
and a Reynolds number g%: = 1900 as initial conditions along a two-dimen~
sional contoured surface. From the output of the Herring amd Mellor
program, the boundary layer profile immediately upstream of the slot was
used to examine the adequacy of the 3% slot bleeding rate. The Taylor
criterion states that ﬁf = J1 - (%%)2 or u; = 0.94 U; for present
designs. The velocity terms used in Taylor's criterion are depicted in

Figure 3.




The results of this analysis showed that the boundary layer imme-
diately upstream the slot had a displacement thickness of 0.0008 ft and
u < 0.94U involved 1.44% of the flow. For both contoured walls a
slot bleed of 2.88% of the entering flow is adequate to meet the Taylor's
criterion. The computer output for the boundary layer development im-
mediately upstream of the slot and the velocity profile of the second

design are shown in Appendix I and Figure 11 respectively.

b. Parallel Wall Bleed Requirement

In the computation of parallel wall bleed requirement, every third
of the thirty streamlines mentioned in potential flow inverse solution
output were analyzed. Appropriate bleed rates were applied along each
of the analyzed streamlines as a means of boundary layer control to
prevent flow separation over the parallel walls.

The boundary layer development over the parallel walls is of three-
dimensional nature. The spreading effect was approximated by consider-
ing each streamwise step of the boundary layer computation to be analo-
gous to flow over a segment of a diverging cone. The equivalent cone
segment geometry was established from the velocity distribution obtain-
ed from the potential flow inverse solution.

The boundary layer analysis thus performed was option #4 of the
Herring and Mellor computer program. To initiate the boundary layer
computation, a 0.002 ft. initial displacement thickness with a one-

‘ seventh power law profile for air at 1000°F and the maximum air veloc-
ity of 400 ft/sec were assumed. Option #4 of the program assumes that
] the boundary layer is turbulent. A displacement of 0.002 ft. is a rea-

sonable estimate for a flow immediately downstream of a shock wave
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stabilizing bleed system, and should result in turbulent flow.

Figure 4 shows a map of distribution of velocities normal to the
parallel wall surface for the second diffuser design. Based on the map
the total bleeding for twélparallel walls was computed and it amounts
to 0.7% of the through flow. The through flow was assumed to have an
average velocity of 357 ft/sec at the diffuser inlet where the passage
area is .0694 ftZ (2 inches in height and 4.998 inches in width). In
the vicinity of the slot (shaded area of Figure 4), owing to the high

adverse pressure gradient, the bleed velocity requirement exceeded the

limit of Herring and Mellor's analysis where good accuracy can be assured.

The total bleed rate however, remains a good estimate because there is
only a very limited area where the analysis is questionable. The com-
puter grintout which summarizes the boundary layer development of each
analyzed streamline is presented as Appendix II. The slot bleed for
controlling the flow along the curved walls amounts to approximately 3%.
No corner effect at the junction between the curved walls and the side-
walls was considered in the analysis.

The second design is slightly shorter than the first design, thus
having a smaller sidewall area. Streamlines of the second design, be-
cause of being shorter in iength, are subjected to a stronger adverse
pressure gradient; thus, higher bleed velocities would be required along
some of the stream tubes. The overall sidewall bleed, however, should
remain nearly the same for both designs.

Perhaps it is worthy to mention that the boundary layer development
over the parallel walls was also analyzed by considering the boundary
layer being two-dimensional. Two-dimensional analysis is a less accurate

simulation than the cone-segment approach. The bleed distributions of
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the two-dimensional boundary layer analysis are shown in Figures 5 and 6.
The first design required 1.3% of the entering flow for total parallel

wall bleed and the second design required 1.1%.




IV. RAMJET THRUST COEFFICIENT AND RANGE

The following air-cycle analysis was carried out for the purpose
of examining the potential improvement in ramjet performance by using a
Griffith subsonic diffuser which requires boundary layer bleeding. The
effect of greater pressure is to allow greater thrust from the engine
flow while the bleed flow diminishes net thrust due to its contribution
to increased ram drag. The analysis is conducted to determine the net
effect.

To present a quantitative discussion some of the operating and geo-
metrical parameters were assigned with specific values. The analysis
first computed thrust coefficient C; vs. subsonic diffuser efficiency
n¢ (Total pressure at diffuser exit/Total pressure at diffuser inlet)
with ﬂiﬁf—Mb and'%g as parameters. Here M; represents the inlet flow,
My is th; bleed mass flow required for both shockwave stabilization and
subsonic diffuser and A_/A; denotes the inlet area to combustor area
ratio.

It was assumed that a bleed rate of 10% of the inlet flow is re-
quired to stabilize the shock location and 4% additional bleed is re-
quired to operate the Griffith type subsonic diffuser. Five values of
A_/A3 ranging from 0.25 to 0.30 were assumed, with combustion tempera-
tures of 2400 R. This allowed C; to approximate 0.25 which is the as-
sumed vehicle drag coefficient.

Based on the calculations of Ct versus area ratio A /A3, the inlet
size can be determined which allows Cy = Cp = 0.25. This can be done u

for both Griffith and conventional diffusers. The engine airflow for




both may be computed readily and the fuel flow is proportional to the
engine air flow. The range is inversely proportional to the fuel flow
allowing the vehicles with alternate diffusers to be easily compared by
range alone.

The vehicles equipped with the alternative diffusers may then be
operated at lower-than-cruise velocity to compare them at a take-over
condition. An analysis of the net thrust coefficient at such a suppress-
ed Mach number is presented.

In the discussion section, high performance diffusers of other
types reported in the recent literature were also considered and com-
pared with Griffith diffusers.

To allow the most fair comparison within a single analysis the

following ground rules are met:

Isentropic supersonic inlet up to a normal shock at M, = 1.4
A one dynamic head loss at the combustor dump

Combustion temperature 2400°R

Rayleigh line (constant area) combustion

Isentropic flow in the nozzle

Nozzle exit area = 0.9 of combustor area

The details of analysis are presented, followed by a discussion of

the results obtained.

Analysis

Figure 7 depicts the ramjet with the relevant stations of the analy-

sis designated.
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For the purpose of comparing the performance of operation within

the range of practical interest, the following were assumed.

a. Assumed operating conditions

M =2.5

e

To,3 = (To)max = 2400°R the first subscript 0 denotes
stagnation condition

dumping from 2x to 2y

b. Assumed geometrical parameters

Two side mounted inlets

Az x
Subsonic diffuser area ratio KY— = 2.5

A

K? took the values of 0.25, 0.26, 0.27, 0.28, and 0.30

R2y = A3
Ae= .9 A3

Inlet region

For comparative purposes only, an isentropic process was

assumed up to the normal shock, then

Po,Xx = PO,

The normal shock took place at My = 1.4, therefore

Po,y = -9582 po,,

Subsonic diffuser

From station y to station 2x, the flow is governed by the

following equations:




(1) Po,2x = ng Po,y

The values of ny used in computation were 1.0, .975,

.95, .925, .9, .85, .8, .75 and .70

(2)  (pAV)2x = (pAV)y

V2 WAL . 1
(3) (7—+ %), =\ 7 * &), with Cp = .24

(4) p = pRT with R = 53.35

Dumping process

After the flow reaches station 2x, its Mach number is suf-
ficiently low (M,x = 0.2) that an incompressible flow approxi-
mation is acceptable. It was assumed in the computation the
total pressure loss of this dumping process to be one dynamic

head at station 2x.

2
Po,2y = Po,2x - £3% Vox

To satisfy the continuity requirement the following rela-
tion holds.

Az x
RaxVax = AgyVoy + or Vay = Vpx » ks

The area ratio required for calculating V,y was determined from

the following equation

>
b

Yy 2

Ax
Ay

X
2x Ry Az
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Combustor Flow

A Rayleigh line, constant flow area combustion process
was assumed. The heat addition in non-dimensional form Cq
was expressed as follows.

(g 7 -

a
g 0 )

where q = Cp (2400 - To.. )

Here the constraint of maximum total temperature of
2400°R was imposed.

For computational convenience M*, the reference Mach num-

ber, and a*, the reference velocity of sound, were introduced

where
! a2 + L2 = 4 s B a*2
y-1 =]
For y = 1.4
M*2 = ———7-6 where M* = L
1+ 5/M a*

The energy continuity and momentum equations then take the
following forms

(a3)? (1 + Cq) = ag*?

(pa*M*)zy L (Da*M*)3 A2y BN A3

and pyy a5y (1 + My*2) = psa32 (1 + M}2)

Upon the completion of combustion

1+ Mp*2 = (1 - My*2)2 - 4Cq My*2

M [T+ Cq

M*

15




TSR e

h.

The temperature and pressure ratio are:

5% 2400
--———-1__—_ {
]+L?—M32 ,
=1 *
— (-1l
2L= ]+cq X

- ]
P2y My* (1 - .z_ﬁ,Mz*Z) 1
Nozzle flow é;
The flow through the converging-diverging nozzle was as- ’f

sumed to be isentropic. Using

the A; was computed from the value of M;. Knowing A * in terms
of A; and assume Ae = .9A3, the above equation was used to com-
pute Me’ the exit Mach number. The following equations were

used for computing the exit velocity Ve and exit pressure Pe:

1
Vo = 49.01 m, (2900 ¥
e e 1% Lé_ Mez

|

i

y -

(1+ 151 ug)

e " Py
-1

: I'(
g
s it

(1 + 1—-'2—] Mez)

Thrust coefficient !

Define the thrust coefficient Ct as following




e e

R

~ T

T — T T —— T

—

i
|
|

_ Thrust ;

Cy o
e\ oh —?

The thrust was computed as following

Thrust = (Mi - Mb) Vi o MiV°° + (pe -p.) Ae

o L | P (pe i R P P

The last term Mbve is the ram drag associated with bleedinag.

CELERR R M; (P =0 Ay

s E e L e

Results and Discussion

Figure 8 shows CT vs n, for Tp,3 = 2400°R, p_ = 14.7 psia, M_ = 2.5

M, - M A
with -lpr——g—and if- as parameters. Figure 9 is a similar plot for
i
A Mi - Mb
M = 2.1 K§'= .28 and .30 with et .9 and .86.

i
Figure 8 was prepared about CT = .25 to examine the potential gain
of missile range when the Griffith type diffuser is used. Figure 9 may

be used to examine the potential gain in CT at take-over operation.

a. Range

Assume a ramjet cruising at M_ = 2.5 requires that C; = .25. Further

assume (1) a normal shock at the inlet of a short straight wall subson-
ic diffuser would require 10% bleeding [8] to stabilize the shockwave g
location and (2) the Griffith subsonic diffuser requires 4% additional
bleeding downstream of shockwave bleeding to yield a value Nt of 0.98 !
[5] for the subsonic diffuser. On Figure 8, a point is designated "Con-

ventional Diffuser" for the ramjet with conventional diffuser (nt = 0.75).
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Such a design needs an area ratio (which reflects the mass flow) ﬁ§

M; - M

of 0.27 and _JFF——E'= 0.9 to produce a Cy value of 0.25. A Cr of 0.25
i

also can be produced by a ramjet having the Griffith type diffuser of

Mj - M
e ~uieE 0.86. Such a point is designated
i

the same area ratio and

"Griffith Diffuser" on Figure 8. The range ratio of these two ramjets
is the inverse of the ratio of air flow being heated for those ramjets,

since the heat addition per unit mass is constant. Therefore

. Mb ; o AjV ]
A Y Iy 09300

|s

b=

HANGE Srirtith Offfuser Rimjet i ol
Range conventional Diffuser Mooty é: ALV
Ramjet M}"" A, BgNe

Griffith Diffuser

or there is a potential gain of 4.6% in range.

b. Take-over Thrust Coefficient

Assume take-over Mach number to be 2.1, and two ramjet geometries
both have a shock wave at a M, value of 1.4. The Cy values for both
ramjets can be readily obtained. Figure 9 shows that at ng = .75 and
Mi - My

N i 0.9, that is, for a ramjet with conventional diffuser, the Cr
i

M: - M
value is .244. At ng * .98 and 'JFF——2'= .086, that is, a ramjet with
1

Griffith diffuser one may have Cy value of .259 or a gain in C; of 6.1%.
The growth in excess thrust is anticipated to greatly favor the Griffith

diffuser.
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Comparison with Other High Performance Diffusers

In each case which follows, based on an early NASA Langley study,
we assessed that 10% bleed was necessary to stabilize the shock loca-
tion. This bleed also provides a thin boundary layer to the subsonic
diffuser which follows immediately downstream of the normal shock [8].

The total pressure ratio of a two-dimensional Griffith diffuser of
area ratio 2.5, length to exit width ratio of approximately one is esti-
mated based on test data as ng = 0.98, requiring an additional four per-
cent bleed as diffuser suction. Incompressible test data for Griffith
diffusers of circular cross section, annular cross section, and a two-
dimensional diffuser (slot bleeding requirement alone for two-dimension-
al diffuser [6]) have shown that one can accurately predict the bleed
requirement. The method of bleed prediction involves boundary layer
growth calculation and use of Taylor's criterion. These-calculations
are simple and well understood; therefore, one is reasonably confident
of the extrapolation of test data to operation in the compressible flow
regime.

The diffusers of Cranfield institute of Technology reported by
Adkins [9], and NASA Lewis diffusers reported by Povinelli [10] are con-
sidered as high performance diffusers. It is very difficult to extra-
polate with certainty the incompressible test data to high subsonic
Mach number operation for Adkins' work. The primary difficulty is that
the mechanics of controlling a pressure field by using trapped vortices
is less understood than are simple boundary layer effects. In the case

of NASA Lewis diffusers (Stratford and dm/dz diffusers), the tested dif-

~

fusers were several times longer (Kﬁ = 12, 6 where AR is the width of
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the annular passage at diffuser exit) than Griffith diffusers and Cranfield

diffusers. The n, values of Stratford and dm/dz type diffusers with %§-< 2

t
are therefore difficult to estimate. Short, annular dump diffusers with

area ratios of four to one when tested up to inlet Mach numbers of 0.27

and with bleed of 13.5% have achieved diffuser effectiveness of 70% as report-
ed by Juhasz of NASA LRC [11]. The incompressible data translates to a total
pressure ratio ny of 0.75 approximately. This performance indicates that a
short diffuser's effectiveness could be degenerated rapidly if the suction

is applied without additional means of control the pressure distribution.

The Juhasz test data and data of Reference 12 form the basis of assuming

ny = .75 for conventional short diffusers without suction. This also agrees
with diffuser performance data as reported in the Bulletin of the Japanese
Society of Mechanical Engineering, Reference 13, indicating that a short
two-dimensional diffuser with angles of expansion up to 90° and area ratios
of four to one with 3 to 4% suction were able to achieve a maximum diffuser
efficiency of 70%. This incompressible test data transiates to an Ny value
of 0.76. The above discussion was summarized in Figure 10 which is repro-
duced from Figure 8 with the estimated zones of performance of several types
of diffusers added to it. The performance of comparably short diffusers has
been estimated by diminishing the performance reported for the long diffusers

in accordance with experience. This graph should be viewed as merely an

educated guess.
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: V. CONCLUSION

Herein an attempt has been made to compare the estimate pertor-
mance of vehicles equipped with conventional and unconventional diffusers
where minimum diffuser length is a requirement. The benefit of increased
pressure is offset by the detriment of the ram drag of any necessary
bleed air. The use of the Griffith diffuser is estimated to afford an
increase of about 5% in cruise range at M = 2.5. At an assumed take-over
condition of M = 2.1, its use results in a 6% thrust advantage over a
conventional diffuser. Neither of these results has made use of modifi-
cations to the vehicle (base and boattail drag) which should further en-
hance the advantage of the advanced diffuser. The 4% bleed requirement
includes 1% for parallel wall bleed which is an analytical prediction and
remains to be verified experimentally.

The relative comparison between Griffith and other advanced con-
cepts favors the Griffith diffuser. However, the comparison is based
on extrapolation of low veiocity data for some or represents correction
for the effect of a constant area diffuser extension for others. There-

fore, the comparison must be understood as being relatively uncertain.




VI. RECOMMENDATIONS :

An experimental investigation to verify the bieed requirement of the
parallel wall is necessary. It is essential that a simple bleed

scheme should be developed.

An experimental investigation should be conducted to examine the
possibliity of replacing a major part of contoured diffuser wall
surface by segments of plane surfaces to reduce the cost of fabri-

cation. The effect of bleed requirements due to contour modifica-

tion should also be examined experimentally.

| fi
|
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SUCTION 4

FIGURE 3. VELOCITY DESIGNATIONS IM TAYLOR'S CRITERION.

AT
- ’\”"_ . \*’Zf
<

FIGURE 7. STATION DESIGNATION OF A RAMJET.
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