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A Theory for Base Pressures on Multinozzle Rocket
Configurations
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The University of Texas at Austin, Austin, Texas

A new analysis is given for turbulent base flowfields in multi-nozz'e configurations. The
specific case of adiabatic flow in a four-nozzle symmetrical ring cluster is considered. Inviscid
plume boundaries are described approximately with circular arcs. Because of symmetry,
viscous effects at the common plume confluence can be treated by a planar analysis and flow
conditions at the origin of the reverse jet thereby determined. The reverse jet development
is analyzed with an integral method, using an effective eddy viscosity which is related to that

in the free shear layers at the plume boundaries.

The base pressure distribution is determined

from the reverse jet impingement on the base plane. Depending upon the nozzle height, both
weak and strong interactions may occur. Results of the present analysis are in general agree-
ment with cold flow test data for a wide range of geometric variables.

Nomenclature

b, = radius of reverse jet at cutoff station
C = Crocco number, u(2¢,T,) V2

1. ~
B =[50 - )

1. -
B - o0 - camawm)
F, = 4(In2)2C2(1 — C»)/F.
F, = r,(1 —0.25CH[1 4+ (2 WnF; + C.InFy)]/In(1 — C.2)
F, = (1 —-023C2/(1 — C2)
Fy = (14 05C)0 — C)/(1 — 0.5C)( + Co)
h = height of nozzle exit above base plane
H = (8/2)sec 45°, see Fig. 4
L = fﬂ ¢(1 — Co2p?)"ldy
L = fﬂ eH(1 — Co2e?)7ldy
k = ¢p/Cy
L = length of plume boundary, see Fig. 1
M = mach number
M = momentum flow rate, fpou?d4
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mass flow rate, fpu dA

static pressure at edge of base = ambient pressure

base plane pressure at vehicle center

base plane pressure distribution

radius of nozzle exit

maximum radius of inviscid plume boundary, see Fig. 1

radius of reverse jet

center-to-center spacing of nozzles on base plane, see
Fig. 6

longitudinal velocity

transverse coordinate in free layer

axial coordinate along vehicle centerline

axial location of Rpm, see Fig. 1

angles, see Fig. 3

nozzle expansion ratio

oy/L

angle measured from nozzle wall, Fig. 1

spread rate parameter for free layer

reverse jet velocity, @/4, = exp[— (In2)(r/rn)?]

free layer velocity, u/uz

angle of plume boundary, see Fig. 1

angle of meridian plane, see Fig. 2
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Subscripts

0
2
amb

stagnation conditions

freestream at edge of inviscid plume
ambient

reverse jet centerline, see Fig. 5
dividing streamline of free layer

end of nonisobaric jet, see Fig. 5
nozzle exit

jet boundary streamline of free layer
average velocity in reverse jet
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nozzle parameter
cutoff station
reverse flow
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Introduction

NTERACTIONS between exhaust plumes of clustered

rocket nozzles can lead to relatively large pressures and
extremely high heating rates on the vehicle base. Experi-
mental investigations'~® have illuminated many features of
multi-nozzle base flows and have provided sufficient design
information so that the detrimental effects of base heating
have been largely avoided in operational vehicles.t How-
ever, the evolution of analytical methods for predicting the
effect of plume interactions on the base flow has not kept
pace with the development of testing techniques and ac-
quisition of data. Furthermore, previous theoretical treat-
ments®® have been dependent upon the inherent limitations
of their component analyses.

The present paper presents a new theoretical model for these
complex base flows, with emphasis on fluid dynamic aspects,
viz., the determination of base pressure as a function of
ambient pressure P, and nozzle geometry, which includes
height above the base A, lateral spacing S, and expansion
ratio e. Although the concepts of the present analysis are
equally applicable to other multi-nozzle configurations, the
particular geometry to be considered is the so-called ‘“ring
cluster’”” in which the nozzles are arranged around the periph-
ery of a circle. Equations will be developed and numerical
results presented for the specific case of a four-nozzle sym-
metrical cluster for which considerable cold flow test data
are available.! ,

As implied above, the complete base flow model is com-
posed of a number of component analyses which are classified
in three categories: 1) inviscid plume effects, 2) viscous
flow at the plume boundaries which results in a reverse jet,
and 3) impingement of the jet on the vehicle base.

Inviscid Plume Impingement

The initial step in the analysis is a determination of invisecid
boundaries for the exhaust plumes. Although a prec'se
caleulation can be made with the method of characteristics,
a less accurate estimation can be justified in the current case
because of the subsequent requirement for only a limited
amount of information. Specifically, the required data must
include only the boundary Mach number and flow direction
and, in addition, must extend only for a short distance along
the boundary surface to the plane of impingement with
adjacent plumes

NOZZLE

APPROXIMATE PLUME —/
BOUNDARY

Fig. 1 Inviscid jet boundary approximation.
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For the present, the well known circular arc approxima-
tion, developed by Love® and others, is utilized to estimate
the flow direction. In this computation scheme the initial
portion of the jet boundary is estimated with a circular arc
which passes through the nozzle lip at the proper angle as
well as through the point of maximum plume diameter (Fig.
1).

The present calculations were made using the semiempirical
relations of Lord?® which give the maximum plume radius
R,,, and its axial location Z,, in the form

Bon _ (P:/Py)V*(100 + 35M; tanf,)
R, ~ 154 60k; — (4M; — 6)(5 — 3k:)(1 — 5 tanf,)

Zom _ 896(Py/Py)\2(6 + M) M,
R, = 70 + 9%; + 14(9%; — 10) tané,

®

(2)

A quadrant of the flowfield for a four-nozzle cluster con-
figuration is sketched in Fig. 2. It is observed that each
pair of adjacent plumes impinges along a plane (JKBL)
midway between the nozzles. Within each plane there is a
line of impingement, denoted as BL. Also shown in Fig, 2
is a typical streamline S, at the plume boundary. This
streamline lies in a meridian plane (OHGF), which passes
through the nozzle centerline and is inclined to the impinge-
ment plane at an angle w. It is observed that streamline
8, impinges at an angle ¥, to the reference line HG, which is
parallel to the rocket centerline KB. Streamline S» passes
through a centered-wave$ (Prandtl-Meyer) compression and
emerges as streamline S; in the impingement plane. The
objective of this portion of the analysis is to estimate the
velocity vector associated with streamline S;.  This will per-
mit a determination of the downstream pressure, which is
required in the calculation of the reverse jet.

It is also observed in Fig. 2 that there are two types of
recompressions, depending on the angle of the meridian
plane. For all points along an impingement line except the
common point B, the only geometric restriction on S; is that
it lie in the impingement plane. In general it will not lie in
the meridian plane which contains S,. However, at point
B, the common intersection of all plumes, there must exist
a second compression process which turns S; to the axial
direction.

Some velocity vectors in that portion of the flowfield
near the impingement point G are shown on an enlarged

z VEHICLE CENTERLINE

IMPINGEMENT T/
PLANES

. COMMON IMPINGEMENT

REFERENCE OF ALL PLUMES

LINE [

IMPINGEMENT
LINES -

PLUME BOUNDARIES

NOZZLE
CENTERLINE
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Fig. 2 Quadrant of inviseid flowfield.

§ Tt is known that pressure changes in the inviscid flow adjacent
to a viscous layer do not occur abruptly as in an obligue shock.!
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scale in Fig. 3. Besides impingement and meridian planes,
Fig. 3 depicts a third plane which contains S; and is oriented
such that its intersection with the impingement plane is per-
pendicular to the rocket centerline. It is seen that this plane
makes an angle v with the impingement plane. The ve-
locity u» of streamline S; can be resolved into orthogonal
components, us, which is parallel to the impingement plane
and is unaffected by the recompression, and us;, which is
modified as it turns through the angle v. The components
of the emerging streamline S; are given by us, = ue. and uz, =
uss(7y, u25). The value of us, (or Msy) can therefore be de-
termined from the Prandtl-Meyer compression of M,,
through the angle v, which is given by v = arccos (cosys/
c0s8) where 6 = aresin (sinys cosw).

Hence, for a known value of the impingement angle s
and any given value of w, the value of v can be determined.
Knowing the two components of S;, one can find M; as well
as B from the relation 8 = arctan (use/uss), and Pz can be
found from the isentropic equation P3/(Py); = P/Pofor Ms.

The downstream pressure for the common impingement
point B in Fig. 2 can be estimated by considering two com-
pressions in series, although in reality they occur simul-
taneously. One can obtain the axial Mach number M4 from
a second Prandtl-Meyer compression using the values of
M and B found from the foregoing relations for a value of
w = 45°. Then

Py/(Po)i = (P/Po) s, ®3)

If one calculates the variation of P; along the line LB of
Fig. 2 as well as the value of P4 at point B, it is found that
P, = 3P;. Furthermore, the subsequent analysis of viseous
effects indicates that the intensity of the reverse jet is pro-
portional to the value of downstream static pressure. These
conditions suggest that the recompression process at the
rocket centerline is the dominant mechanism in determining
the reverse jet flow. This means that viscous interaction
effects are concentrated in the 45° meridian plane which
passes through the common plume impingement point.
In addition, because of symmetry and the relatively small
size of the viscous regions, one can justify the use of a planar
formulation of the viscous interaction process in the vicinity
of the common impingement.

Viscous Flow Effects

It is well known that a portion of the free shear layer,
which develops at the plume boundary, is unable to negotiate
the relatively high pressure at the point of plume impinge-
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Fig. 4 Flow pattern in 45° meridian plane.

ment. Because it cannot pass downstream, this low-speed
portion of the shear layer is therefore reversed and returns
to the base plane in the form of a jet.> Figure 4 depicts the
flow pattern in the 45° meridian plane and illustrates. the
three major viscous flow components, viz., an isobaric free
shear layer, a recompression region, and the reverse jet.
Analyses of each of these components are presented in this
section.

The turbulent mixing zone at the plume boundary is
described with the well known analysis of Korst which has
seen widespread application to various axisymmetric con-
figurations including both underexpanded jet plumes!? and
internally converging base flows.!* The integral method
of Korst superimposes an asymptotic velocity profile onto
the inviscid jet boundary. Allowance is made for the ap-
proximate nature of the profile by a slight lateral adjustment
of its position on the boundary, the amount of adjustment
being determined with the integral momentum equation.
Mass fluxes within the mixing zone are determined with the
integral continuity equation.

The usual error function profile ¢ = (1 + erfy) is utilized
to characterize velocities in the shear layer. Use of these
fully developed profiles implies that initial boundary layer
effects are negligible. This is reasonable in the case of under-
expanded jet plumes which originate from large-angle ex-
pansions at the nozzle lip. Such large turning angles are
known to substantially eliminate most initial profile
distortion.

A primary feature of the planar base pressure analysis
of Korst and its axisymmetric applications by Bauer!? and
Mueller®® is the use of an escape criterion which provides
the necessary closure condition. In its initial formulation
this reattachment model implied that the dividing streamline
was isentropically stagnated to the static pressure down-
stream of the inviscid recompression. It was later found
experimentally that the stagnation process was much more
complex than suggested by this model and, in addition, that
dividing streamline reattachment occurred at a pressure less
than the downstream static pressure.

The problem of turbulent reattachment in a planar base
flow has been analyzed by Lamb and Hood,** who found that -
accurate predictions could be made by utilizing the escape
criterion as a means of identifying the dividing streamline
rather than as a thermodynamic specification of the stagna-
tion process. Therefore, in the present flow model the ve-
locity along the dividing streamline in the shear layer is
found by ¢.2 = C.2/Cs%, where Ca2 = 1 — (P/Po)a* * and
(P/Pg)a = Ps/(Py); from the inviscid analysis, Eq. (3). The
Crocco number C, corresponds to the inviscid boundary Mach
number M,. The above value of ¢, allows one to determine
the location (5,) of the dividing streamline using the velocity
profile.
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Fig. 5 Nonisobaric jet stagnation.

The effective edges of the shear layer must be specified
for the recompression analysis. For the error function pro-
file, which approaches its limiting values asymptotically, one
must choose finite values for # to represent the effective
width. In the present case ne = 2.5 was chosen for the
inner edge where u = wu, and 5y, = —1.6 for the outer edge
where u =~ 0. The over-all predictions of the theory were
not sensitive to 9z and 7z.

The physical locations of the shear layer outer edge and
the dividing streamline can be obtained from the relations
Ys = (L/0) (na — 1) and Yz = (L/0) (nz — n,). The
length of the shear layer along the inviseid boundary (see
Fig. 1) is given by L = Z,.(8, + 6;: — ¢) csc(8, + 8;), and
the distances Y, and Y1 are measured normal to the local
slope ¥ of the inviscid boundary. The quantity »,, which
gives the lateral displacement of the approximate profile,
is also a function of L and ¢ as well as C.. The expression
for n, has been omitted for brevity but can be found
elsewhere,12.13

As the fluid in the free layer approaches the point of in-
viseid plume impingement, it will interact with the reverse
flow. The point of initial interaction is denoted as the
“cutoff station”; it marks the beginning of the recompression
region and is determined from the following physical condi-
tions. The zero-velocity edges of both the freelayer and re-
verse flow profiles must eoincide (point T, Fig. 4), and the
mass flux in the mixing layer below the dividing streamline
must equal that in the reverse jet half-width.

As was noted earlier, flow in the 45° meridian plane can, be-
cause of symmetry, be considered as a planar flow of in-
finitesimal width. It is therefore possible to utilize the
reattachment analysis of Lamb and Hood!! to estimate condi-
tions in the reverse jet at the cutoff station. This is done
through an application of continuity and momentum equa-
tions to the control volume shown in Fig. 4. The former
appears as

C.Ey = (Colva/ ) (L,/b,) )

while the momentum expressions for the axial and transverse
directions can be combined in the form

b, 2k P AZ

—_ _ 2E - R

R,,[l_'_lc——lcr 2] [1+Pb]2Rnta’n¢’+
L

2k
oB. [nd - 7.+ P— 022I2d:| sec, =0 (5)
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In determining mass and momentum fluxes for the reverse
flow, a Gaussian distribution has been employed, ie., $ =
%/%, = exp[(—2.5 In2)(y/b,)2]. In addition, b, and AZ are
given by b, = H -+ Y1 cosfy — Zymese(8, + 6.) cosy, —
tan(0, + 6:;) and AZ = b, cotyf, + (Y4 — Y1) cscyd,. The
reader is referred to the preprint and to Ref. 11 for further
details of the development and for a discussion of one solu-
tion technique for the two unknowns P, and L,. The
parameter L, is of primary importance here, because it locates
the end of the free layer along the plume boundary and
allows one to determine the reverse jet parameters C, and
b,, which become the initial conditions for the reverse jet
calculation.

Although the foregoing interaction analysis determined
jet parameters only in the two 45° meridian planes, it is
recognized that the jet will be nearly circular from the outset
and that the asymmetry would tend to decay rapidly.* It
is thus possible to utilize the jet analysis developed by
Donaldson and Gray!s and others.

The present application requires consideration of only the
decaying-jet regime wherein the centerline velocity decreases
with development distance and the velocity profiles are
similar. The jet development can be determined through a
simultaneous solution of two momentum integral relations,
one for the complete-jet and another for the inner core
region. The latter equation includes the shear stress which
largely governs the rate of growth of the jet.

Using a Gaussian distribution for the velocity profile one
can integrate both momentum equations in closed form and,
after combination, obtain a first-order differential equation
for the decay of the centerline Croceo number C. in the form

A2 = KF\(Coyr)dZ ®)

where the function F, is given in the Nomenclature. The
characteristic radius of the jet . is given by rn2 = (r,).2
In(1 — C,%/In(1 — C.%) where C,? and (r,), = 0.4b, are
found from the previous reattachment analysis. The param-
eter K in Eq. (6) comes from the eddy viscosity formulation
employed by Donaldson and Gray.

Although Eq. () could be integrated to yield the longitudi-
nal variation of €2, it is more expedient merely to use a finite
difference form and compute incremental changes in €, while
marching from the cutoff station toward the base plane. An
increment in Z as large as 0.1(r,,), yields reasonable aceuracy.
Once C.? is determined, all jet parameters can be evaluated.

A reasonable specification of the shear stress parameter K
proved to be a difficult task. Initial computations were made
using the variation of K with M, which was given by Don-
aldson and Gray. However, the resulting distributions of
base-plane pressure exhibited only qualitative agreement with
test data, thus suggesting that there were significant differ-
ences between the growth rate of the reverse jet and that in
typical jets. This situation is not completely unexpected,
inasmuch as fluid in the reverse jet must first traverse the
turbulent mixing zones at the plume boundaries. The
following method has been devised in an attempt to relate
the stress level in the reverse flow to that in the shear layer.

It has been shown by Chow and Korst'¢ that the maximum
eddy viscosity in a free shear layer occurs at the jet bound-
ary streamline which is near the center of the layer. This
eddy viscosity is given by (pe); = [puT/Tolo(L./ot)w¥Hs;
exp(n,).2 At the cutoff station the corresponding value of
pe at the half-radius of the reverse jet is (pe), = K. [plirnT/
Tol.,/(1 — 0.25C.%). In view of the conclusion!” that pe is
nearly constant in compressible free viscous flows, the fore-
going values of pe can be equated and an estimate of K, ob-
tained. The variation of K for the remainder of the decaying
jet is assumed to be equivalent to that presented by Donald-
son and Gray, viz., K = K,[l 4+ exp(—4C.?]. Base pres-
sure results obtained with this improved specification of K
were much more realistic. However, some disagreement
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persisted, because K, was insensitive to the lateral spacing
of the nozzles on the base plane.
The final specification for K, was therefore

K, = [C(I2;/0*) exp(n) @5 (1 — CA) L,/ (4r.,C))

where 7.y = (rn), evaluated for the nozzle spacing 8/R, =
3.5. The expression for K, is regarded as tentative and
somewhat speculative. However, it is believed that there is
sufficient rationale in the derivation to justify its usage for
similar nozzle geometries until experimental information on
the reverse jet stress level becomes available.

Reverse Jet Impingement

The pressure distribution®® on the base plane exhibits a
maximum at the rocket centerline which is characteristic
of velocity profiles of near-Gaussian form. It has been
shown by Barnes and Sullivan®® that the wall pressure dis-
tributions for such jet impingements are also nearly Gaussian.
The relation between the wall pressure P, and the jet ve-
locity profile ¢ can be expressed as

Inf{[P,(r) — Py]/(Pos — P»)} =~ 0.8 In¢ %)

where Py, is the maximum impingement pressure at the
vehicle centerline; Po, may be taken as the characteristic
base-plane pressure for multinozzle configurations, and
variations in Py, with altitude and base geometry can be em-
ployed to portray the over-all process.

It is seen in Fig. 7 that there are two general types of vari-
ations of Py, with altitude for a given nozzle ¢ and S. The
two distributions are primarily dependent upon the height 4
of the nozzle exit above the base plane. For long nozzles
there is a gradual increase in Py, over Py, as P; is lowered.
In some instances a further decrease in P, results in a sharp
peak in the P, distribution. Conversely, for short nozzles
there is a relatively high, almost constant value of Py, over
a wide range of Pamb.

Because of the similarity with conventional base flow,?
the nearly uniform distribution of Py, for short nozzles has
often been interpreted as an indication of choking in the vent
area between nozzles. However, the reverse jet mass flow
rates determined with the present model were found to be
sufficiently small that the occurrence of choking appears to
be highly unlikely.

The foregoing result suggests that each of these general
types of pressure distributions corresponds to a particular
jet impingement process. For long nozzles the process is
weak because the jet itself is largely unaffected. In the case
of short nozzles there is a long interaction length, and the
reverse jet becomes nonisobaric; this is considered to be a
strong interaction.

For weak impingement the peak pressure on the base
plane can be determined from simple relations for one-
dimensional stagnation. For M. < 1-in the approaching
jet, the isentropic relation can be employed. For M, > 1,
the isentropic equation yields values of Py, which are far too
large. This suggests that further dissipation, in addition to
that in the jet development, occurs during stagnation. The
simplest type of irreversible stagnation is that of a normal
shock. It was found that this model yielded realistic values
for Py, when M, > 1. This computation does not imply
that a normal shock actually exists® but merely that the
stagnhation process at the centerline possesses nearly the same
degree of irreversibility as a normal-shock stagnation.

In the strong-interaction stagnation process, the relatively
high pressures in the base plane are propagated upstream
through the jet and result in a more rapid decay of centerline
velocity than would occur in an isobarie flow. Although a
comprehensive analysis of such nonisobaric jets was not
justified in the present context, it was found that reasonable
estimates of the base plane pressure could be obtained with
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the following model: the jet contains a distinet zone of
rising pressure which lies between the isobaric region and a
stagnation zone immediately adjacent to the base (Fig. 5).
Because the length of the nonisobaric region is unknown, it
is assumed that P increases over a sufficiently short distance
that a) shear stress effects can be omitted and b) the jet
mass flux is nearly constant. These simplifications allow
the nonisobaric region to be described with the usual in-
tegral equations of continuity and momentum.

For ease of computation the radial distribution of static
pressure is taken to be equivalent to the Gaussian velocity
profile. The pressure therefore varies from P, at the center-
line to ambient (Ps) at the outer edge according to the rela-
tion P = P, + (P, — Py)¢.

The over-all momentum equation for the nonisobaric re-
gion can be written as

[7 (P~ Py + pi)dr = const ®)
while the appropriate continuity relation is

m = fom pflidr? = const (9)

As in the isobaric jet analysis, these equations can be nor-
malized with parameters at the jet centerline and with
the radius r,. After introduction of velocity, density, and
static pressure profiles, the resulting integrals can be eval-
uated in closed form so that Eqgs. (8) and (9) can be
evaluated at each end of the nonisobaric region and com-
bined to yield

P, — P C.(nA. InB, — Ind. lnB,) (10)
Py ~ (1 +1/k)C.InB, — Ind, InA. + InB. InB,

where 4 =1 — C?, B = (1 — C)/(1 + (), and the subscript
e refers to conditions at the beginning of the stagnation zone.
Because both P, and C, are unknown in Eq. (10) an addi-
tional relationship is required to close the solution. This is
provided by a control volume analysis of the stagnation
zone in Fig. 5. At the base plane the pressure distribution s
given by Eq. (7) while at the upper control surface, displaced
from the base by a small but unspecified distance, the flow
conditions are those of the nonisobaric jet given previously.
A momentum balance for the control volume can be

written as
® - 2 — ® 772 2
fo (P — Ppdr? = fo pliddr

where P and (p#%?) refer to distributions in the nonisobaric
jet. After normalization as before and insertion of the
Gaussian profiles, the foregoing equation can be integrated
to yield

IM’__ k —_ 02 —
7 = k—lln(l C.2)

P.—Pk+1, k 1._1-—C.
Py [k—1+k—16;1nl+ce] (n

Substitution of Eq. (10) into Eq. (11) yields the final ex-
pression for P, as a function of C. and C.. However, be-
cause C, is not known a priori, the necessary uniqueness of
the solution is provided by requiring that Py, determined
from the foregoing integral model be equal to Py, found
from a normal-shock stagnation of C,, since M. > 1 always.

Because no interaction lengths have been specified, the
appropriate values of C. at the end of the isobaric region are
also unknown. It was found that little error is incurred by
choosing the hypothetical value of C. which would exist if
the isobaric jet developed all the way to the base plane as in
the weak interaction case.
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Discussion of Typical Results

Because there are many components of the present flow
model, it is desirable to summarize the over-all calculation
procedure. Known information includes e (or M.), 0., i/R.,
and the center-to-center distance between nozzles on the
_base plane (S/R,). A value of ambient pressure (Ps) is first
chosen and the corresponding inviscid plume boundaries
determined. The maximum static pressure P, downstream
of inviscid plume impingement can then be found from Eq.
(3)." This makes possible the identification of the dividing
streamline, from which input data for the momentum balance
of Eq. (5) can then be determined. The solution technique
of Ref. 11 allows one to determine the proper value of L, and
the reverse jet parameters C,2 and (r..). at the cutoff station
using Eq. (4).

Development of the reverse jet is determined with Eq.
(6). The correct values of C. and r., which are required in
the impingement calculation, are found by allowing the iso-
baric jet to develop to the base plane. For weak impingement
(h/R. > 0.5), Py, is found from isentropic or normal-shock
relations, depending on whether the final value of M. is
greater or less than unity. For short nozzles Eqgs. (10) and
(11) along with the normal-shock equation are employed to
determine Py,. Finally, the distribution of base-plane
pressure can be found from Eq. (7).

Although the present flow model does not indicate which
type of interaction would occur in general, experiments! sug-
gest that the maximum possible value of Po; can be deter-
mined using the strong interaction model with zero nozzle
height. Subsequent values of Py, from the weak interaction
impingement cannot exceed this maximum value.

The only parameter unspecified in the foregoing discussions
is the spread rate parameter ¢ of the turbulent free layer.
The present numerical results incorporate a theoretical

ariation of o with 3> which has been shown?¢ to be in reason-
ble agreement with available experimental results.

Because of the extreme significance of the reverse jet in
establishing the base-plane pressure distribution (and hence
heating rate), some typical results at the origin of the jet
(i.e., at the cutoff station) are shown in Fig. 6 for one value
of M, and three values of S/R.. It will be recalled that %
does not enter this calculation. The variation of centerline
Mach number M, with plume Mach number M, is shown in
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the upper part of Fig. 6; M, decreases with increased S/R.,
although the effect is rather small due to the increased width
of the free layers for larger values of S/R..

Shown also in Fig. 6 are M, values developed from the re-
cent experimental data of Brewer and Craven.? Their
measurements indicated M,’s on the order of unity but at a
P, >» P,. These values cannot be compared directly with
the predictions of the present model which assumes P at
the cutoff station. However, one can compare the current
predictions with values of M. for an “equivalent jet” having
the same total momentum flux, same size, and the same ve-
locity profile as the actual jet but which exists at P,. Under
these conditions one can show that ¥ « P In(l — C,?).
Thus, the equivalent M, is found from In(7/To)u, = P/
Py In(T/To) sexp where Py and Mex, are experimental values
of local pressure and M.. The M, values obtained in this
manner are in reasonable agreement with the predicted
values (Fig. 6). The remaining discrepancies are attributed
to differences between the actual three-dimensional jet
impingement process and the highly simplified planar model
of Lamb and Hood.

Further inspection of Ref. 20 shows that the reverse jet,
in addition to the lower M., is nonisobaric over a wider range
of conditions than is postulated in the present analysis.
However, near the base plane, M,’s predicted by the current
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isobaric jet decay are in reasonable agreement with those
which occur in the actual nonisobaric jet.

Figure 6 also illustrates the variations of the axial location
Z, and radius b, of the reverse jet at the cutoff station. The
effect of nozzle spacing is proportionally the same for both
jet parameters so that their ratio is, in common with 3M,, only
slightly affected by S/R,.. Figure 6 thus indicates that, for
increasing nozzle spacing, Z,/b, increases while M, decreases,
both of which tend to reduce Py,.

Figure 7 depicts the variation of Py, with (Pams) 7%, which
is proportional to altitude. Both pressures are normalized
with Py;, which is taken as a constant. The corresponding
variation of Pamb, 18 also presented for comparison. The
upper portion of Fig. 7 illustrates the effect of nozzle height
(h/R,) for both short and long nozazles, i.e., both strong and
weak impingements at the base plane. The characteristic
peak in the Py, variation is predicted for the weak impinge-
ment, and the general agreement with experimental results!
is reasonably good. The present analysis suggests that there
is no particular physical significance to the flow processes in
the vicinity of the peak, which occurs because the variations
of b, Z,, and M, with altitude result in reverse jets with
quite different growth rates.

The effect of nozzle spacing on the base plane pressure is
shown in the midpart of Fig. 7. It is seen that, as S/R.
increases, the peak occurs at a higher altitude. The same
behavior can result by increasing M, as is illustrated in the
lower part of Fig. 7. It is observed that predicted base
pressure variations for the two higher Mach numbers do not
exhibit peaks, whereas the test data indicate decreased but
still observable excursions.

It can be concluded that, although the present predictions
do not agree with measurements at every point, the over-all
results are sufficiently close to suggest that the present flow
model could serve as a basis for heat transfer predictions as
well as for estimating the base flow processes for other multi-
nozzle geometries.
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