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TECHNICAL NOTE 3545
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STARTING BLOWDOWN JETS IN THE MACH NUMBER
RANGE FROM 2.7 TO k4.5

By John A. Moore
SUMMARY

An investigation was made at Mach numbers of 2.7, 3.0, fp L, W W
and 4.5 to determine the effect of short fixed convergent-divergent
wedge diffusers on the starting characteristics of blowdown jets
exhausting to the atmosphere. Wedge diffusers that were extensions of
the nozzle contours reduced the overall pressure ratios required for
starting to less than one-half the values obtained without a diffuser.
The minimum overall pressure ratio required for starting at each Mach
number was about twice the value predicted by one-dimensional theory.
Central-body diffusers were not so effective in reducing the overall
pressure ratio for starting as were the wedge extensions of the nozzle,
except at the higher values of diffuser minimum area. With the wedge
extensions of the nozzle contours, the jets could be started for each
test Mach number at values of diffuser minimum area that were consider-
ably below the values predicted by one-dimensional theory. The Jjets
could not be started for values of diffuser minimum area that were below
those predicted by theory when central-body diffusers were used.

INTRODUCT ION

In order to simplify the problem of model support for measurement
of forces at angles of attack at high Reynolds numbers and supersonic
speeds, two-dimensional nozzles exhausting the test-section flow directly
(without diffusers) to the atmosphere can be used. This arrangement per-
mits a relatively simple external model-support system which can take
high aerodynamic loads at angles of attack.

In the Langley gas dynamics laboratory, it was found that such Jets
(or tunnels) could be started satisfactorily up to a Mach number of about
5.0. For higher Mach numbers, the stagnation pressures required for
starting were excessive, on the order of five times the value predicted
by one-dimensional theory for normal-shock starting, because of the
separation of the boundary layer on the nozzle wall.
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Various investigators have reported tests on pressure recovery during
the starting of supersonic tunnels with long convergent-divergent diffus-
ers. Eggink (ref. 1) describes the flow separation during starting in
some of the tests first reported by Simons (ref. 2) and includes data on
pressure recovery and minimum diffuser areas during starting of tunnels
in the Mach number range from 1.6 to 2.5. Neumann and Lustwerk (ref. 3)
reported data on pressure recoveries during starting for the Mach number
range from 2.1 to 3.0. Diggins and Lange (ref. 4) investigated starting
conditions as well as the effect of a variable-geometry diffuser on
operating conditions in the Mach number range from 1.9 to 4.9. The same
type of investigation was reported by Wegener and Lobb (ref. 5) in the
Mach number range from 5.9 to 9.6. All these investigators reported
pressure recoveries during starting of the tunnel that were close to
those predicted by one-dimensional theory for nonviscous flow. One
investigator, Fraser (ref. 6), reported tests on starting supersonic
nozzles without diffusers. Fraser tested a three-dimensional nozzle at
a Mach number of 3.35 and found that a pressure ratio across the nozzle
of about seven times that predicted by one-dimensional theory was neces-
sary to prevent detachment of the flow from the end of the nozzile.

Because of the lack of data on very short diffusers, the investiga-
tion reported herein was initiated to determine the effectiveness of
several short convergent-divergent wedge diffusers in increasing the
pressure recovery of supersonic nozzles during starting. The tests were
made at Mach numbers of 2.7, 3.0, 3.5, 4.0, and 4.5 and Reynolds numbers,
pased on test-section height, of T.83 x 106, 9.13 x 106, 10.67 x 106,

135.88 x 106, and 18.50 x 100, respectively.

SYMBOLS
A cross-sectional area
M Mach number
jo) pressure
R gas constant for air (1,715 sq £t /sec?/OF)
i} temperature, °F abs !
h test-section height
1 length of convergent section of diffuser ;

m length of divergent section of diffuser g
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o] free-stream dynamic pressure

u local velocity of air

e} diffuser-entrance wedge angle, see figure 2

B diffuser-exit wedge angle, see figure 2

P density

9 ratio of specific heats, 1.400 for air

Subscripts:

o stagnation conditions

o) stagnation conditions at diffuser minimum-area section

. conditions at test section (fig. 2); also conditions ahead

of oblique shock

2 conditions behind oblique shock

a atmospheric conditions

min minimum

Superscripts:

* conditions at nozzle minimum-area section

*' conditions at diffuser minimum-area section
APPARATUS

The present investigation was conducted in the jet shown in fig-
ure 1, which is one of the facilities in thé ILangley gas dynamics
laboratory. The jet is of the intermittent blowdown type and exhausts
to the atmosphere. Dry air preheated to 100° F was supplied to the
settling chamber at pressures up to 500 lb/sq in.

The supersonic nozzles used in the test were designed by the method
of reference 7, and the design Mach numbers were 2.69%, 3.012, 3.498,
h.OlQ, and 4.515. Limited calibrations of the nozzles for M = 3.012
and M = 4.012 indicated test-section Mach numbers of 2.99 and 3.98,
respectively. Static pressures measured along the side wall at the
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other Mach numbers indicated close agreement between actual and design
Mach numbers. The test section for each nozzle was 8 inches high and
9 inches wide, and the length of the supersonic portion of each nozzle
was about 24 inches; the nozzle contours ended at the intersection of
the contour with the Mach line representing the design Mach number.

Schematic diagrams of the test setups showing the geometry of the
diffusers tested are shown in figure 2. All the diffusers tested were
two-dimensional and were simple convergent-divergent wedges added either
as extensions of the nozzle contours or as central-body diffusers. These
short fixed convergent-divergent wedge diffusers will be referred to
simply as short wedge diffusers. The central-body diffusers were tested
only at M = 4.0. Three different values of the ratio of length of con-
vergent diffuser to height of test section were tested: 1/h =1, 1/h =2,
and Z/h = 3. The total length of the diffuser section was 3h, and,
therefore, the values of the ratio of length of divergent diffuser to
test-section height were: m/h = 2 for l/h =1, m/h = L Eor: l/h = 2,
and m/h = 0 for 1/h = 3. A longer divergent diffuser of length Oh
was added at the end of the diffuser section in a series of tests at
M = 4.0 only. In the tests without a diffuser, the side walls extended
6 inches beyond the end of the nozzle. The geometric relation between
l/h, the diffuser-entrance angle ©, and the ratio of the diffuser mini-
mum area to the test-section area A*'/Al is given by the following
expression:

§ = tan

This'relationship is plotted for convenience in figure 3. Since the wedge
blocks were made reversible, the expression can also be used for the rela-

tion between m/h, the diffuser-exit angle B, and A*>/Al'

The schlieren system was a single-pass type with 18-inch-diameter
mirrors and a General Electric B-H6 mercury lamp for a source. For the
schlieren photographs, a flash with a duration of about 5 to 10 micro-
seconds was used.

Static pressures were measured with mercury manometers which were
accurate to within ¥0.05 inch. Stagnation pressures were measured on
16-inch dial gages of the precision Bourdon type which had ranges of O
to 200 pounds per square inch for the lower pressures and O to 500 pounds
per square inch for the higher pressures. Total pressures were measured
on lb-inch dial gages of the precision Bourdon type which had a range of
0 to 100 pounds per square inch. These gages were accurate to within
0.5 percent of full-scale deflection.
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TESTING METHODS

Static-pressure orifices were located along the side wall on the
center line of the jet in the region of the test section and in the dif-
fuser section. In order to aid in determining when supersonic flow was
established in the test section and diffuser, total-pressure measure-
ments were made in the test section and diffuser section about 1% inches

from the side wall. In the test section, the total-pressure probes were
located on the center line of the jet. In the diffuser section, the
probes were located on the center line when the wedge extensions of the
nozzle contour were installed, but were midway between the wedge dif-
fuser and the nozzle extensions when the central-body diffusers were
tested.

In making a particular test, the stagnation pressure was gradually
increased until observation of the schlieren system image and measure-
ments of the total pressure determined when supersonic flow was estab-
lished in the test section. A visual record was made of the stagnation
pressure at that moment. When schlieren photographs were taken, the
stagnation pressure was held constant at the given value for about
20 seconds.

Schlieren photographs were taken of the flow in both the supersonic
nozzle and the diffuser. In order to permit viewing of the supersonic
nozzle and the diffuser, the nozzle blocks had to be moved with respect
to the side walls since there was only one set of windows in the side
wall. (See fig. 1.)

RESUITS AND DISCUSSION

Boundary-layer Separation on Nozzle Contour

Schlieren photographs of the starting flow through an M = 3.0 noz-
zle without a diffuser (fig. 4) show that separation of the boundary
layer from the nozzle contour occurs and that, as the stagnation pressure
is increased, the point of separation moves downstream. In determining
the pressure behind the separation shock, it is interesting to compare
the results of two of the methods available for calculating this pres-
sure. A compilation of data on the pressure coefficient associated with
the separation of a turbulent boundary layer at various Mach numbers is
presented in reference 8. In using these data, the pressure coefficients
were converted to the ratio of the pressure behind the shock to the stag-
nation pressure. The equation of the line representing step data in
figure 8 of reference 8 was
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A
(—lf- = -0.086(Ml & 5'9) (l)

Converting Ap/ql to a pressure ratio and simplifying gives

2 %(1 + 0.357M,° - 0.060M;°) (2)

o o
Equation (2) is plotted in figure 5 as the solid line.

The results of determining the pressure behind the separation shock
by measuring the angle of the shock, with the local design Mach number
and flow angle known, are shown in figure 5 and compare favorably with
the data of reference 8.

The effectiveness of wedges added to the end of the nozzle contour
in reducing the pressure downstream of the separation shock can be seen
in figure 6. The separation of the boundary layer has moved downstream
considerably as compared with the configuration without a diffuser
(fig. 4) at equivalent values of stagnation pressure. The flow down-
stream of the separation is divided into a supersonic high-energy region
and a low-energy region, with a mixing zone in between. The low-energy
region shown in figure 4 is essentially at atmospheric pressure. Mixing
with the supersonic region tends to lower this pressure, but backflow
from the tunnel exhaust keeps the pressure high. The wedges added to
the end of the tunnel reduce this backflow considerably and allow the
pressure in the low-energy region to be lowered by the mixing action
with the supersonic jet. If this pressure is lowered sufficiently, the
shock system will move into the diffuser and the tunnel will start.
(Compare figs. 4(b) and 6(b) at p,/py = 4.45 and figs. L(c) and 6(d)

at pq /Py = 6.47.)
Results of Tests

The results of tests to determine the effect of varying the length
and minimum area of the short wedge diffusers for various Mach numbers
are given in figure 7 which shows, for each of the Mach numbers tested,
the variation of the overall pressure ratio po/pa required for starting

1
with the ratio of diffuser minimum area to test-section area A*//Al'

As the value of A*J/Al_ is decreased, the value of po/pa required
for starting is reduced until a certain minimum value is reached. Any

1
further reduction in A*j/Al then increases the value of po/pa. The

only exception occurs for the diffuser with 1/h = 3, m/h = 0 which was

-
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1
tested at M = 4.0 only. For this diffuser, as the value of A*}/Al
was decreased, the value of p,/py required for starting decreased
until A*'/Al reached a value slightly smaller than the minimum pre-

dicted by one-dimensional theory. At this point a small decrease in
A*>/Al caused a large increase in po/pa, followed by a gradual decrease

]
in po/pa as A*}/Al was reduced further. The explanation for this

shift in the curve could not be determined from the data obtained in
this investigation.

Also shown in figure T are the data obtained for central-body dif-
fusers at M = 4.0. The variation of starting pressure ratio for these
diffusers shows the same general trend as for the wedge extensions of
the nozzle contours. However, the tunnel would not start with the

central-body diffusers for values of A*'/Al below about 0.68. The

explanation seems to be that the central-body diffusers split the flow
into two channels and the asymmetric nature of the starting flow reduced
the effectiveness of the interaction between the high-energy and low-
energy regions of the jet. The central-body diffusers were generally
not. so effective in reducing the overall pressure ratio required for
starting as were the wedge extensions of the nozzles. Only at the higher

values of A""/Al were the central-body diffusers more effective than

the wedges.

Figure 7 shows that a minimum value of A*J/Al is obtained at each
Mach number for which the tunnel could be started with different wedge

diffusers. This minimum value of A*'/Al is shown as a function of Mach

number in figure 8. The one-dimensional theory (see fig. 8) is based on
the assumptions of normal-shock losses at the entrance of the diffuser
and sonic flow at the minimum diffuser area. Experimental values of

(A*J/Al>miﬁ lower than theory predicts indicate that, from continuity

considerations, losses upstream of the diffuser minimum-area section are
much less than normal-shock losses and are probably taken through a
series of oblique shocks. (See figs. 10 to 14.) The data of reference 5
which are shown in figure 8 for the range M = 7.2 to 9.6 are a reason-
able extrapolation of the data obtained in this investigation. The data
from reference 4, for the range M = 1.86 to 4.92, show considerably

1
higher values of (A*./Al>min for starting, and the data from refer-

ence 9 agree well with the results reported herein for M = 3.0. The
tests reported in references 4 and 9 were made in two-dimensional tunnels
using atmospheric stagnation conditions and a vacuum vessel at the
exhaust. In reference 9, the throat location for values of (A*B/Al 1
min
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for starting was determined to be 1/h = 2.16, the lowest value tested,
and the throat location for optimum pressure recovery was l/h = 4.83.

Sag b
In reference 4, the values of (A*-/Al)min for starting were determined

with the throat located at the position for optimum pressure recovery,
waich, for M = 2.83, was 1/h =5.29. It is felt thst bethen agreement
of the data in reference 4 with the results of both the present investi-

1
gation and reference 9 would have occurred had values of (A*-/Al)min

for starting been determined for various values of throat location. The
Reynolds numbers of the tests of references 4 and 9 were approximately
the same. In reference 4, the Reynolds numbers based on test-section

height ranged from 2.5 X 10858 W= 1 Be kD 0.6 x 10° at M = 4.92.
In the present investigation, the Reynolds numbers based on test-section

height ranged from 7.8 x 106 at M = 2.7 to 18.5 x 100 at M = 4.5.

The minimum values of po/pa required for starting various Mach
number nozzles are shown in figure 9. The values of po/pa obtained
with short wedge diffusers are approximately twice the values predicted
by one-dimensional theory. Most of the losses occur downstream of the

minimum diffuser area since the velocity energy of the stream is not
efficiently recovered. This is verified also by the data in figure 8

since low values of A*'/Al can be obtained only with low loss in energy

upstream of the diffuser minimum area. Some tests made at M = 4.0 with
an m/h = 10 subsonic diffuser downstream of the short convergent wedges
gave values of po/pa for starting near those for normal-shock recovery.

A comparison of the data in figure 9 for the nozzle without a diffuser
and for the nozzles with short wedges shows that the addition of short
wedges reduces the value of po/pa required for starting to less than

one-half that for nozzles without diffusers.

Analysis of Flow During Starting Process

Figures 10 to 14 show the flow through the diffusers of various
Mach number tunnels during starting, and figure 15 shows the flow through
the nozzle of an M = 4.0 tunnel during starting. A study of these fig-

ures indicates a possible explanation for the low values of A.*'/Al and

the high values of po/pa obtained in this investigation. At low values

of stagnation pressure, the pressure rise necessary to satisfy the condi-
tion of high pressure at the tunnel exit causes the boundary layer to
separate far upstream along the nozzle contours. The separation takes
place farther upstream on one contour than on the other. As the stagnation
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pressure is increased, the separation moves downstream; when it reaches
* the vicinity of the diffuser, the flow suddenly changes to a symmetrical
. separation, which occurs on both nozzle contours at the same axial posi-
tion. (See figs. 6 and 15.) The separation, with the resultant strong
oblique shocks, moves to the entrance of the diffuser (see figs. 10
to 14) as the stagnation pressure is increased further.

The conditions of the flow at the diffuser minimum area can be
studied with the aid of the continuity equation. The continuity equa-
tion for the nozzle minimum area and the diffuser minimum area is

. ' '
p*u*A* e w A" (53

Substituting
X
u =IWV;RT
5 and
oy -3
: Rl

for u and p in equation (3) gives

If sonic flow 'is assumed at the nozzle minimum area (M* = 1), then
equation (4) becomes

1
*' A O lsr 1
A* G180 (P - JTo w* ) = Gonstant (5

1
Ay A Py po' T

*l
The variation of B—T —97 M*' with M*' is given in figure 16. The
Po ‘T*

mass-flow parameter reaches a maximum at M*' = 1008 and ifalslisEeft
rapidly as M*' increases or decreases. When equation (5) is used in
the present analysis, the values of the parameters involved in equa-

5 tion (5) must be considered average values at the cross section involved.

A study of the schlieren photographs of the flow through the dif-
fuser at the condition Jjust before the tunnel starts shows strong oblique
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shocks at the entrance of the diffuser. The large deflections associated
with the strong oblique shocks and the separ?ted regions at the entrance
of the diffuser give values of effective A*/’Al that are much lower than .

the geometric A%}/Al. The total-pressure recovery must be high to satisfy
equation (5). As the stagnation pressure is increased, but before the tun-
nel starts, the pressure rise across the shocks becomes less, the shocks
become weaker (see schlieren photographs in figs. 11(a) and 14(b)), and

a larger effective Ax' A, results. When the stagnation pressure is

increased to a high enough value, the pressure rise across the shock
becomes low enough that the boundary layer will not separate and the flow
becomes attached to the diffuser surface.

For a given stagnation pressure before the tunnel starts, a decrease

1
of the geometric A* /Al reduces the area of the separated or low-energy

region near the surface at the diffuser minimum area. This reduction of
the low-energy region lowers the pressure gradient along the diffuser-
entrance wedge and the flow will attach at a lower value of stagnation

pressure. As the value of the geometric A*J/Al. is decreased further, 5

a point will be reached where the low-energy region is negligible and
the effective A*'/Al approaches the geometric A*'/Al. In order for

equation (5) to be satisfied, the average Mach number at the minimum
diffuser area must be decreased, with stronger oblique shocks at the
diffuser entrance. An increase in the stagnation pressure is then neces-
sary to reduce the pressure rise across the shock to a value below that
which will separate the boundary layer before the tunnel will start.

This would explain the portions of the curves in figure 7 in which the

1
pressure ratio po/pa increases when A* /Al is decreased below a cer-

tain value, as is also evidenced by the schlieren photographs in fig-
ures 11(a) to 11(c).

The lower losses associated with oblique shocks permit values of

1
et /Al to be obtained that are considerably lower than one-dimensional

theory predicts. With such low losses upstream of the minimum diffuser
area, low values of overall pressure ratio should result. However, the
determining factor is the pressure ratio necessary to overcome the
adverse pressure gradient that causes separation of the boundary layer.
If some means such as boundary-layer suction were used to reduce this
adverse pressure gradient, it is probable that values of overall pres-
sure ratios lower than theoretical values could be obtained.
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CONCLUSIONS

An investigation made at Mach numbers of 2.7, 3.0, 3.5, 4.0, and 4.5
to determine the effects of short fixed convergent-divergent wedge dif-
fusers on the starting characteristics of blowdown jets exhausting to
the atmosphere indicated the following conclusions:

1. The addition of short wedges as extensions of nozzle contours
to act as supersonic diffusers reduced the overall pressure ratios neces-
sary to develop supersonic flow in jets from approximately five to a
minimum of about two times the values predicted by one-dimensional theory
over the range of Mach numbers tested.

2. At a Mach number of 4.0, the addition of a relatively long sub-
sonic diffuser to the short wedge diffuser reduced the overall pressure
ratio for starting to a value slightly higher than that given by one-
dimensional theory.

3. Wedges used as central-body diffusers at a Mach number of 4.0
were generally not so effective in reducing the overall pressure ratio
required for starting as were the wedge extensions of the nozzles. Only
at the higher values of diffuser minimum area were the central-body dif-
fusers more effective.

L. Wedge diffusers used as extensions of the nozzle contours per-
mitted values of diffuser minimum area that were considerably below
those predicted by one-dimensional theory. Central-body diffusers did
not.

5. Wedges that were extensions of the nozzle contours were effective
in reducing the extent of the separation of the turbulent boundary layer
along the nozzle contours.

Langley Aeronuatical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., September 20, 1955.
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(b) Schlieren windows opposite nozzle.

Figure 1.- Blowdown jet used in tests.
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(c) Configuration without diffusers.

Figure 2.- Schematic diagrams of test setups.
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Figure 3.- Geometric relation between diffuser entrance angle and ratio
of diffuser minimum area to test-section area for diffusers of given

length.
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O Py/P, from measured
shock angles in schlieren
photographs

From reference 8
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Figure 5.- Ratio of static pressure behind shock to stagnation pressure
at Mach number ahead cf shock for separated turbulent boundary.
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(c) po/pg = 4.1TT. (d) p /P, = 6.47. -

Figure 6.- Starting flow in M = 3.0 nozzle with wedge diffuser. l/h = 2, A*'/Al = 0.652.
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Figure 9.- Minimum values of overall pressure ratio required for starting
various Mach number nozzles.
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Do /Py = 6.13 po/py = 6-13 po /Py = 613 .
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(a): A* /a; = 0.813. (b) A% /Ay = 0.720. (c) A*'/a, = 0.688. =|
N

. N

7 tunnel while starting. 1/h = 1; m/h = 2. G

Figure 10.- Flow through wedge diffuser of M = 2.
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Po/Pg = T8k Py /Py = T-8k4

: : L-89328,1
(a) WS g 0810, (b) A*' /A, = 0.719.

Figure 1l.- Flow through wedge diffuser of M = 3.0 tunnel while starting.
1/h = 1; m/h = 2.
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Do /Py = 11.25

(c) A*'/Al = 0.6%.

Figure 11.- Concluded.
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Po /Py = 12.95 Po/Py = 18.05

L=893%30,1
Figure 12.- Flow through straight qiffuser ef M =SSN inne N e
starting. A% /A; = 1.00.



26 NACA TN 3545

Po/Pg = 12.95 Do /Py = 11.25

' 1-89331,.1
(a) A* /Al = 0.815. (b) A*'/Al = 0:7is, o

Figure 13.- Flow through wedge diffuser of M = 3.5 +tunnel while starting.
t/h =1; m/h = 2.



NACA TN 3545 27

Poyla = 11.25 Do/Py = 11.25

1 ! " a3
(c) A ﬁﬁ,=(L688. (4) A* %ﬁ_=<1656.L 89332.1

Figure 13.- Concluded.

a5 ,



28 NACA TN 35L&

Po /Py, 21.45 Po /Py = 21.45 .

L-8933301
(a) 1/h=1; m/n = 2. (b) 1/h =2; m/h = 1.

Figure 1lk.- Flow through wedge diffuser of M = 4.0 tunnel while starting.
?
A* /Ay = 0.656.




NACA TN 3545

Po/Pg = 21.45 Po/Ps = 21.L45

1 ! L"8935L’-01
(el AT /Al = LaAale (b) A* /Al = 0:719; 1/h'=as min =1

Figure 15.- Flow through nozzle of M = 4.0 tunnel with wedge diffusers
as extensions of nozzle contours.



30 NACA TN 3545

Po/Pg = 14.65 Po/Pg = 14.65

Do /Py = 21.45 Po/Py = 21.45

. o 1“8953501

(c) A*‘/hl = 0.688; 1/h = 2; (a) A /Zl = 0.625; l/h = 2;
m/h = 1. m/h = 1.

Figure 15.- Continued.
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() A*'/Al r

L-89336.1
0.579; Lfie= 2;

m/h = 1.

Figure 15.- Concluded.

31




‘BA ‘pIatd AajdueT - VOVN

0 4 B 2 G 2.0 24
M

Figure 16.- Variation of mass-flow parameter with Mach number.
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