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proper consideration must however by given to the added
weight, reliability and cost factors.

The data just presented covers Engine “A” with a rela-
tively low tip speed fan. The next major step in the
NASA /GE experimental Quiet Engine Program is to eval-
uate an engine incorporating Fan “C” which is represen-
tative of a high speed fan. Such an engine offers the ad-
vantage of having shorter length and fewer components,
both of which permit important improvements in engine
weight and engine cost. It is expected that the acoustic
investigation of the Engine “C” technology demonstrator
will be pursued into the Spring of 1973. At that time compa-
rable data will have been obtained on both “A” and “C”
technology demonstrators and tradeoff studies will be per-
formed to evaluate their relative merits acoustically and
in terms of direct operating costs on a number of airplane
applications.
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Measurements of the Boundary-Layer Growth in Annular Diffusers
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Low speed tests have been carried out on two-optimum straight walled, annular diffusers. One
diffuser had a unifornmi diameter center body, the other an expanding diameter center body (diver-
gence angle 40°). Curved passages of constant flow path area were situated up- and downstream of
the expanding center body diffuser. Measurements were made of the pressure recovery, mean total
pressure loss, and the growth of the boundary layers in terms of the mean velocity profile and tur-
bulence structure. The rate of growth of the shape parameters was found to be significantly greater
along the outer wall, this effect is attributed to the distortion caused by flow curvature at inlet
which is then accentuated by the adverse pressure gradient. Whereas the pressure recovery of the
two diffusing systems was comparable, a significant increase in losses occurred in the expanding
center body diffuser, due to the higher turbulence level of the flow from the curved inlet passage in-

creasing the energy dissipation.

Nomenclature
A = area of cross section
AR = area ratio
B = blocked area fraction, 1 — 1/Aof64-(u/U)dA
Cr = local skin friction coefficient
Qp = pressure recovery coefficient based on pi412/2
Cp* = the locus of maximum pressure recovery at prescribed
_ nondimensional length )
Coeom b = the pressure recovery associated with a component in a
duct system
D = diameter of cross section
Dy, = hydraulic mean diameter
H = shape parameter
L = average diffuser wall length
L, = length of approach pipe upstream of diffuser
N = diffuser axial length :
P = static pressure
Pr = total pressure
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Rn = radius of the point of maximum velocity
AR = annulus height

u = local velocity in x direction .

i = mean velocity in cross section j;)A udA /A

ur friction velocity, (7. /p)t/2
((u'?))1/2 = rms velocity fluctuation in x and y directions, respec-
((v'2))1/2 tively
(—pu’'v’) = Reynolds shear stress
maximum velocity in cross section
x distance along the mean flow line from diffuser inlet
y = distance perpendicular to wall
« = velocity profile energy coefficient jTa“ (u/a)3dA /A
¥ = pressure gradient parameter (v/pu,3)dP/dx
bo,0; = boundary-layer thickness on outer and inner walls, re-
spectively
o%,6i% = displacement thickness of boundary layer on outer and
inner walls, respectively, 6,* = f,% (1 — u/U)R/Ro)-
‘ dy, 8% = o8 (1 - u/U)R/R))dy
fo,8: = momentum thickness of boundary layer on outer and
inner walls, respectively, 6, = f*° (1 — u/U)u/U)-
(R/Ro)dy, 8 = fo(1 — u/U)(u/UXR/R:)dy
= loss coefficient, APr/{pi1;2/2)
= kinematic viscosity '
fluid density
shear stress
diffuser wall angle
= fluctuation quantity
= time average
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Subscripts

1 = diffuser inlet

1 = inner wall

0 = outer wall

m = position of maximum velocity

Introduction

MANY diffuser applications, particularly in gas turbines,
involve diffusion in an annular passage. At the large
values of compressor exit hub/tip ratio the flow in a sym-
metrical annular diffuser is approximately two-dimension-
al and therefore many designs have been based on the
two-dimensional tests of Kline et al.! However annular
diffuser design has now been brought on to a much firmer
basis by Sovran and Klomp?2 who carried out a compre-
hensive investigation on over one hundred different diffus-
er geometries. The large majority of the diffusers tested
had expanding center bodies and the value of inlet hub/
tip ratio (R;/R,)x was 0.55 or 0.70. These tests were car-
ried out with a thin inlet boundary layer, and the diffus-
ers had a free discharge. The optimum performance at a
fixed nondimensional length L/AR; measured in terms of
the pressure recovery coefficient was found to occur at an
area ratio approximately independent of the combination
of wall angles and hub/tip ratio employed. The outlet ve-
locity profiles were not measured and therefore only ap-
proximate values of the total pressure loss coefficient can
be obtained.

Hoadley3 has investigated the growth of the boundary
layers in a diffuser having a constant diameter center
body and although the influence of inlet swirl was the pri-
mary objective in this work some tests were carried out
with axial flow at inlet. Under these conditions separation
on the outer wall was encountered however, useful data
was obtained on the growth of the boundary layer along
the center body.

That the growth of the boundary layers is crucial in de-
termining the performance of a diffuser has been ably
demonstrated by Cocanower et al* and Imbach.5 They
show that for “boundary layer” types of inlet nonuniform-
ity the pressure recovery and total pressure loss can be
predicted, within the limits of engineering accuracy, for
two-dimensional and axially-symmetric diffusers by the
use of simple integral calculation techniques. At present
no reliable method exists to calculate through a region of
separated flow and therefore such calculations are re-
stricted to diffusers that are free from stalling, further-
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Fig. 1 Geometric characteristics of annular diffusers.
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more it is assumed that a potential core exists over the
length of the diffuser. However many practical diffuser
systems operate in or near the region of transitory stalling,
also in certain applications, typically prior to a gas tur-
bine combustion system, diffusion may occur after the air
has been turned through an angle of up to 40°. Further-
more the vélocity profile and turbulence structure of the
flow presented to the diffuser by the compressor may be
far removed from the thin inlet boundary layer condition
frequently used in diffuser research.

The influence of upstream and downstream bends has
been neglected in the literature and there is therefore a
need for detailed measurements of the boundary layer
growth in annular diffusing systems which can serve as a
basis for analytical studies and lead to a better under-
standing of the flow behaviour. Such data should be free
from significant three-dimensional effects, and be ob-
tained for representative pressure gradiants and inlet condi-
tions.

Tests were therefore carried out on an expanding center
body diffuser, operating near to the optimum C,* line, to:
1) investigate the growth of the boudary layers, 2) assess
the influence of the inlet and outlet bends. The results are
compared with those obtained from an optimum diffuser
having a uniform diameter center body.®

Test Facility

The test facility is shown in Fig. 2. The entry length,
diffuser, and settling length were mounted vertically, the
advantage of this arrangement was that as all the inner
tubes were spigotted together they could be positioned
simply by three struts in the entry flare, the weight of the
tubes was supported by two rods at the end of the settling
length. In this way the influence of entry length supports
was reduced to a minimum. Two diffuser geometries were
selected: 1) A minimum length diffuser (C,*) which had a
center body of uniform diameter, 2) An expanding center
body diffuser with a mean divergence half-angle of 40°. ’

The geometry of the diffusers is detailed in Table 1.
Curved passages of constant flow path area were situated
up- and downstream of the expanding center body diffus-
er. Whereas both diffusers had a common area ratio of 2.0
the nondimensional length of the expanding center body
diffuser was increased from 5.0 to 6.2 to compensate for
the inferior velocity profile presented to the diffuser by
the inlet bend.

Air was drawn from the laboratory through a bell-
shaped inlet into an annular entry length some 50Le/Dn,y
long. Transition on the bell-mouth and forebody of the
center body was stabilised by trip wires. The entry length
was constructed in perspex to a very high standard of ac-
curacy (typically 10.000 in. £ 0.003 in. diam over a length
of 30 in.).

An almost constant dynamic pressure was maintained
in the center of the annulus at a position 3.0 in. upstream of
the exit of the entry length. This corresponded to a veloci-
ty of 140 fps, and a Reynolds number based on inlet hy-
draulic diameter of 1.50 x 109.

Table 1 Diffuser geometry

Uniform center Expanding center

body diffuser body diffuser
Doy in. 12.0 12.0
D;‘l in. 10.0 10.0
b0 10.0 41.0
¢° 0 39.0
AR in. S 0.816
L/AR, 5.0 e
L/AR . 6.2
AR 2.0 2.0
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Static pressure measurements were made at positions
near to the exit of the entry length, and along the length
of the inlet bend, diffuser, outlet bend/settling length. At
each position three tappings were made equally spaced
around the surface of the inner and outer walls. Total
pressure traverses were carried out at three circumferen-
tial positions, 120° apart, for each of the nine stations
along the length of the diffuser. The flattened total pres-
sure tube had a wall thickness of 0.005 in., and an opening
of 0.040 in., by 0.015 in. The traverses were carried out
normal to the walls of the tubes, and all pressures were
recorded on Betz projection manometers.

The velocity profiles were calculated on the assumption
that the static pressure, along each traverse, was the same
as that measured at the wall. The only exception to this
technique was at inlet to the expanding center body dif-
fuser where the velocity profile was obtained using the
measured static pressure variation across the annulus.
The pressure variation was obtained using a wedge probe
developed by Girerd and Guienne.?” Whereas an allowance
was made for the displacement of the effective center of
the pitot probe no corrections were applied to take ac-
count of the effects of turbulence. Considerable uncertain-
ty surrounds the estimation of errors in pitot tube mea-
surements of mean velocity when the local turbulence
level is high.8 Nonetheless the local velocities near the
wall may be approximately 20% too high as the flow ap-
proaches near separating conditions. Velocity profiles
taken at the three circumferential locations exhibited ex-
cellent symmetry of flow, except close to diffuser exit, and
the integrated mass flows at all other positions were with-
in 1.5% of the inlet value. Wool tuft investigations indi-
cated that on the outer wall at exit of both diffusers inter-
mittent transitory stalling was taking place.

The distribution of w’, v/, w’, (u'v’) and W'w’), at a
number of positions along the length of the diffuser was
obtained from measurements taken with a DISA constant
temperature anemometer. No suitable X-probe was avail-
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Fig.3 Static pressure recovery.

able and therefore a 45° slant wire probe was used. The tech-
nique employed was similar to that adopted by Goldberg®
namely, that the wire was presented at an angle of
45° to the mean direction of flow, and then turned
through an angle of 180°. The probe element was mounted
in a square sectioned carrier which could be placed in the
u-v’ and u’-w’ planes. In order to minimize contamina-
tion of the hot wires a Vokes filter was placed around the
inlet flare, and at the end of each traverse the wires were
inspected and cleaned if necessary. The accuracy of the
turbulence measurements is difficult to quantify due to
such problems as misalignment of the wire, high turbu-
lence levels, and large vertical components of velocity as
the flow approaches near separating conditions. These prob-
lems have been considered by Goldberg, and Sandborn
and Liu,1® and in the light of their work the following
accuracies are suggested: early stages of diffusion
5% in ((u'2))1/2 10-15% in (u’v’); latter stages of diffusion
20% in ({u'2))1/2 20-40% in (u'v").

Inlet Conditions

The velocity profile and turbulent shear stress distribu-
tion measured at station 1, 3-in. upstream of, the inlet
bend of the expanding center body diffuser or the entry to
the uniform center body diffuser, is shown in Figs. 4 and 6.
The turbulent shear stress distribution at exit of the inlet
bend of the expanding center body diffuser, station 2, is
shown in Fig. 7. It will be seen that there is a considerable
increase in mixing near the inner wall, and a correspond-
ing reduction near the outer, resulting in a movement of
the position of zero shear relative to the position of maxi-
mum velocity. Most of the previous experimental work on
curved flow has been done in channels whose depth and
breadth were of the same order of magnitude, in other
words the mean flow was essentially three-dimensional in
character. In this case the large hub/tip ratio means that
the flow is approximately two-dimensional. The argu-
ments put forward by Wattendorfl1 concerning the stabil-
ity of flow in a curved two-dimensional channel indicate
that centrifugal forces near the inner wall promote, and
near to the outer wall diminish, the turbulent interchange
between fluid layers. Whereas the presence of a diffuser

"downstream of the bend modifies the pressure distribution

at exit of the bend, the results clearly confirm the predic-
tions of Wattendorf.
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Table2 Over-all performance

Expanding center body diffuser L/AR; = 6.2 ‘

Constant center body diffuser L/ARy = 5.0

By = 0.105 Cp

Cpcomp. A Cp Cpcomp. A
Entry length —0.022¢ —0.022¢ 0.022¢ —0.022¢ —0.022¢ 0.022¢
Inlet bend —0.055 —0.033 0.045 T S e
Diffuser 0.460 0.515 0.215 0.54 0.562 0.080
Outlet bend/ 0.550 0.090 0.230 0.665 0.125 0.113
settling length

9Calculated values based on a friction factor of 0.0036.

Pressure Distributions

The static pressure distribution along the inner and
outer walls in the two diffuser systems, with fully devel-
oped flow at inlet, is shown in Fig. 3. Because of the cur-
vature of the flow there is a significant difference in static
pressure across the annulus in the vicinity of diffuser
inlet, this is particularly so in the inlet bend upstream of
the expanding center body diffuser. In view of this the
inlet pressure to the diffusing system is taken as the static
pressure measured 3.0 in. upstream from the end of the
entry length. However, over the majority of the length of
the diffusers the pressures on inner and outer walls are,
within experimental error, the same. Again a pressure dif-
ference exists across the annulus in the outlet bend of the
expanding center body diffuser but is of smaller magni-
tude due to the lower dynamic pressures.

Diffuser Performance

The over-all performance of the two diffusers is sum-
marized in Table 2. All values are calculated relative to con-
ditions measured at station 1, 3.0 in. upstream from the end
of the entry length.

In estimating the pressure at exit of the inlet bend of the
expanding center body diffuser the mass-averaged value of
pressure was calculated, in all other cases the arithmetic
mean value was taken. The stagnation pressure at any cross
section can then be expressed as Pr = P + «g, where
g = pu2/2. The following identity can then be used to relate
fluid properties at any cross section

P,-Pi=(ag,-ag) - Py —Pr) (1)
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Fig. 4 Velocity profiles along the L/AR, = 5.0 diffuser.

defining C,,_, ‘= (P, — P1)/q1, and continuity gives A1
= A,ii, hence /g1 = 1/(A,/A1)? = 1/AR,? therefore

Epl = loy —a,/AR) — -, (2)

where A1, = (Pr, — Pr,)/@1. The values of A quoted in
Table 2 have been obtained using Eq. (2), the values of a,
are given in Table 3.

It is interesting to compare the performance of the two
diffusers with that predicted using the correlation due to
Sovran and Klomp. In the case of the uniform center body
diffuser the predicted static pressure recovery coefficient
is 0.53 compared with an experimental value of 0.56.
Using the blockage fraction of the flow presented by the
inlet bend to the expanding center body diffuser the pre-
dicted value is 0.52, which is in excellent agreement with
the measured value. This is a surprising result considering
the high total pressure loss along the streamline of maxi-
mum velocity in this diffuser. The large increase in total
pressure loss in the expanding center body diffuser is due
to the higher turbulence level of the flow from the inlet
bend, increasing the energy dissipation.

In both diffuser systems there is a significant increase
in pressure in the downstream settling length—outlet
bend. This is due to radial momentum transfer reducing
the distortion or momentum coefficient of the velocity
profile. In the outlet bend the turbulent mixing normally
associated with a grossly distorted velocity profile is ac-
centuated along the outer wall by centrifugal forces.

Mean Velocity Profiles

The development of the mean velocity profiles is shown
nondimensionally in Figs. 4 and 5. The profiles exhibited
excellent symmetry of flow at all stations, with the excep-

. tion of the last station in both diffusers where local transi-

tory stalling was observed. The beundary layer parameters
are listed in Table 3. )

There is a significant difference in growth of the shape
parameter H along the inner and outer walls, the value of
dH/dx being greater on the outer wall, in fact on the inner
wall of the expanding center body diffuser H remains almost
constant. The different rates of growth of the shape param-
eter can be discussed in terms of the mean flow equation.
For axisymmetric flow

Ou , Ou _ _10dP 0 .  (pklou @)

ubx+ OR p Ox ax( ) (-pRaR R)
RSP Ry

* (p S5 on ) ®

If the influence of Reynolds stresses is ignored and the
term vdu/9R is assumed to be small in the inner region of
the layer then Eq. (3) reduces to

udu/dx = — (1/p)dP/ox (4)

In a diffuser where 9P/dx is positive, there will be a re-
duction in velocity which is inversely proportional to the
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Table3 Boundary-layer parameters

Constant center body diffuser L/AR;, = 5.0

x/L -0.60 0.060 0.150 0.270 0.510 0.630 0.750 0.97
a 1.045 1.059 1.089 1.137 1.265 1.346 1.452 1.735
a/U 0.895 0.885 0.856 0.825 0.756 0.723 0.687 0.612
H, 1.30 1.39 1.49 1.69 2.12 2.38 2.68 3.52
8, in 0.042 0.046 0.061 0.071 0.099 0.110 0.123 0.138
H; 1.28 1.31 1.40 1.45 1.57 1.61 1.65 1.69
6;in 0.039 0.044 0.054 0.065 0.086 0.096 0.102 0.115
Expanding center body diffuser L/ARy = 6.2
x/L 0 0.089 0.188 0.278 0.376 0.564 0.653 0.841
o 1.054 1.082 1.116 1.141 1.195 1.270 1.300 1.423
a/U 0.890 0.874 0.852 0.836 0.814 0.792 0.773 0.731
H, 1.47 1.61 1.77 1.87 2.11 2.40 2.60 2.95
6, in 0.033 0.041 0.048 0.056 0.060 0.069 0.077 0.087
H; 1.21 1.24 1.26 1.21 1.23 1.26 ©1.28 1.29
6;in 0.034 0.031 0.033 0.032 0.030 0.029 0.029 0.028

local velocity, and the distortion of the profile and the
value of H are increased. This simplified approach is
modified by the inclusion of the other terms in the equa-
tion, e.g. Reynolds shear stress. In an adverse pressure
gradient the shear stress reduces the degree of distortion,
and the changes in profile shape will depend on the rela-
tive magnitudes of the pressure gradient and Reynolds
stress terms. Since the static pressure is nearly constant
across any station in the diffuser, the boundary layers on
inner and outer walls must experience the same pressure
gradient and therefore the asymmetric growth of the
shape parameters is due to: 1) initial distortion produced
by the flow curvature at entry, and/or 2) significantly dif-
ferent turbulence structures in the inner and outer wall
layers.

Whereas the inlet flow turning angle on the outer wall
of the uniform center body diffuser is considerably less
than that in the expanding center body diffuser, in both
cases the static pressure distributions shown in Fig. 3 in-
dicate that after the minimum pressure point the bounda-
ry layer on the outer wall experiences a more severe ad-
verse pressure gradient. This is reflected in a higher shape
parameter on the outer wall at the station x/L = 0.04 just
downstream of the disturbance associated with the flow
curvature -at inlet, H, = 1.37, H; = 1.30 in the uniform
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Fig.5 Velocity profiles along the L/ ARz = 6.2 diffuser.
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center body diffuser, and H, = 1.49, H; = 1.22 in the ex-
panding center body diffuser. Whereas the turbulence
structure of the flow at inlet to the two diffusers is quite
different, analysis of the data® indicates that the Reynolds
stress term in the mean flow equation is small in compari-
son with the pressure gradient term. Under such condi-
tions Coles® has suggested that the mean motion is deter-
mined by the pressure forces alone. Therefore in both dif-
fusers the asymmetric growth of the shape parameters is
attributed to the initial distortion caused by flow curva-
ture at inlet which is then accentuated by the severe ad-
verse pressure gradient. The slightly higher value of exit
outer wall shape parameter obtained in the uniform cen-
ter body diffuser is considered to be due to the larger
pressure gradient, whereas the almost constant inner wall
shape parameter in the expanding center body diffuser is
thought to be due to the much higher initial level of tur-
bulent mixing offsetting the influence of the pressure gra-
dient.

Shear Stress Distribution

The distribution of turbulent shear stress at one cir-
cumferential position is shown in Figs. 6 and 7. At a num-
ber of stations measurements were made of the shear
stress distribution at three circumferential positions, 120°
apart, within the limits of experimental error the distribu-
tions are symmetrical. The data shows that in an adverse
pressure gradient the value of —2(u’v’)/U? near the wall
develops to a maximum which increases and moves away
from the wall as the flow proceeds downstream.
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Fig. 6 Turbulent shear stress distributions, L/AR, = 5.0 diffuser.
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The steep gradients of shear stress normal to the walls
of the diffusers can be explained by writing the mean flow
Eq. (3) near the wall as

dP/dx = d7/dy where T = {—pu'v’) + nQu/dR) (5)

The two-dimensional version has been used in view of the
large hub/tip ratio. Therefore in the initial stages of diffu-
sion where the pressure gradient is at its maximum value
steep gradients of shear stress are observed near the wall.
A number of workers, notably Spangenberg et all2 have
investigated the validity of Eq. (5). Spangenberg et al, in
an investigation of a near separating layer found that at
no point near the wall did dr/dy equal dP/dx, in fact
close to separation dr/dy ~ 0.2dP/dx. As separation was
approached a condition of near zero wall shear stress was
reached and in this region the force required to overcome
the pressure gradient was found to be derived mainly from
the Reynolds normal stresses, a value d{(u'2)/dx ~ 0.6dP/
dx being obtained nearto separation.

Examination of the data along the outer wall of the uni-
form center body diffuser revealed that dr/dy ~ 0.8dP/dx
in the initial stages of diffusion, falling to dr/dy =~
0.25dP/dx at x/L = 0.75. The gradient .of Reynolds nor-
mal stresses near the wall at this point was found to be
equal to approximately 0.3dP/dx. It appears therefore
that at this point the other terms in the mean flow equa-
tion must be taken into account.
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Fig. 8 Clauser plot of velocity profiles, L/ARy = 5.0 diffuser.
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Skin-Friction Coefficients

No direct measurements were made of wall shear stress,
and the skin friction coefficient was estimated from the
measured velocity profiles using the method due to
Clauser.13 The “law of the wall” is replotted in Fig. 8 as a
universal family for a range of values of C;. It can be seen
that there is an absence of any clear logarithmic portion
in most of the measured profiles, even down to values of
yu,/v as low as 100, and under these circumstances the
values of C; can only be considered as approximate. The
conventional form of the law of the wall may be obtained
using Prandtl’s assumption that the shear stress outside
the laminar sublayer may be written as

7 = pkly(du/dy)* (6)

and that the shear stress r remains constant at the wall
value (7,,). Integration of Equation (6) yields

u = (1/k)7,/p)'/? log,y + const ¢))

Equation (7) has been found to be valid not only in the
vicinity of the wall, but over a much larger proportion of
the layer than would normally be expected. Although the
pressure gradients in Ludwieg and Tillmann’sl¢ experi-
ments were relatively small, their results have often been
used to justify the assumption that Eq. (7) holds in an ad-
verse pressure gradient. However when the boundary layer
is subjected to a severe pressure gradient it has been
shown that there is a large gradient of shear stress normal
to the wall, and therefore the constant shear stress hy-
pothesis is invalidated. Townsend!5 has considered the in-
fluence of a shear stress gradient, writing

T =1, + (dP/dx)y = pk*?(du/dy)?
which integrates to give
2 2y 4 15— 1]+
u k

T
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Fig. 9 Balance of momentum integral equation, outer wall,
) L/ARy = 5.0 diffuser.
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where v = (v/pu-®)(dp/dx) is the ratio of pressure to vis-
cous forces, y* = yu,/v, B* = 5.0, and k = 0.4.

The correctness of the “conventional’” universal equation
is therefore seen to depend on the magnitude of the pa-
rameter v. The “strong adverse pressure gradient” data of
Ludwieg and Tillmann corresponds only to values of v <
0.0035, and Thompsonl®é has indicated that departures
from the universal law will occur for v > 0.10. The experi-
mental values of v, for the uniform center body diffuser
are given in Table 4.

It can be seen that the values of v are very much great-
er than those recorded in Ludwieg and Tillmann’s experi-

ments, and the failure of the profiles to exhibit a logarith-

mic variation near the wall is attributed to the severe ad-
verse pressure gradient.

Momentum Balance Plots

As a guide to the accuracy of the experimental data and
the relative significanceé of the terms in the momentum
integral equation, momentum balances were carried out
at a number of stations along the length of the diffuser.
Writing the momentum equation for the flow along the
outer wall as

de Cs;, o, dR 0, dU
220 = JoJo T 0 = (F 4 2) +
dx 2 R, dx de(" )

R:-R,: 1 dPT)
R, 2002\ dx /p,

1 d 50 72 22 12y E_
7 ax ), (@™ + @,"%) — @) RodR 9)
If a potential core exists at a station in the diffuser, then
at that station, (dPr/dx),, = 0 and d({(v,,’2))/dx = 0 also
in view of the large radius ratio the two-dimensional form
of the Reynolds normal stress term has been adopted viz.

1/U2d/dxf5o((u'2) + (@, = @™)dy (10)
0

The experimental values of §, H, U, R,,, etc., have been
used to calculate the terms on the right-hand side of the
equation, and the predicted value of dé/dx is compared in
Fig. 9 with the value estimated from the gradient of the
measured values of momentum thickness. Discrepancies
in the values of ¢ are frequently attributed to three-di-
mensional effects, and Coles® has found that a balance is
rare in flows developed in a strong adverse pressure gradi-
ent. It can be seen that in all cases the comparison be-
tween the left and right-hand sides of the equation is very
good. In view of this, and bearing in mind the symmetry
of the mean velocity profiles, and the good agreement in
integrated mass flows, it can be stated that the data is
free from any significant three-dimensional effects. This is
thought to be due to the choice of an annular configura-
tion in which the center body has a stabilising effect, and
the high standard of accuracy maintained throughout the
construction of the rig. The main conclusions to be drawn
from the momentum-balance results are: 1) Apart from
the initial stages of diffusion the skin friction term is ex-
tremely small. 2) The contribution due to Reynolds nor-
mal stresses is of comparable magnitude to the transverse
curvature term. 3) The term incorporating the pressure
gradient (H + 2)(/U)dU/dx dominates the equation.
However the term incorporating the gradient of total pres-
sure along the streamline of maximum velocity [(Ro2 —
Ru2?)/Rol/(2pUR)(dPr/dx)m is also siginificant. This is
particularly so in the case of the expanding center body
diffuser where an increased loss in stagnation pressure is
experienced on account of the intensified turbulent mix-
ing presented by the inlet bend.
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Table4 Approximate values of v

Constant center body diffuser L/AR, = 5.0

x/L 0.150 0.270 0.390 .0.510 0.630 0.750 0.856

Yo 0.055 0.093 0.156 0.197 0.364 0.665 1.460
Yi 0.043 0.043 0.038 0.038 0.036 0.031 0.028
Conclusions

Whereas the static pressure recovery of the two diffuser
systems is comparable there is a significant difference in
the loss of mean total pressure. The loss in the expanding
center body diffuser is- much greater and is attributed to
the increased turbulent mixing in the flow after the inlet
bend. In the same context, although the dynamic pres-
sures are lower, the losses in the outlet bend are larger
than would be normally expected. However in this case
turbulent mixing reduces the distortion of the velocity
profile resulting in a significant recovery of static pres-
sure.

A detailed investigation of the growth of the boundary
layers in two optimum diffusers suggests that: 1) In the
initial stages of diffusion, downstream of the disturbance
due to the inlet bend, the flow is dominated by pressure
forces. 2) The disturbance associated with the curvature
of flow at inlet presents the diffuser with a distorted inlet
velocity profile which is accentuzted by the pressure gra-
dient. The asymmetry associated with the distorted inlet
conditions leads to a much larger rate of growth of the
shape parameters along the outer wall. 3) Due to the large
gradient of shear stress normal to the wall, the conven-
tional form of the “law of the wall” equation ceases to be
valid in a strongly retarded flow. 4) The turbulent shear
stress distribution lags behind the development of the
mean velocity profile, furthermore in the expanding cen-
ter body diffuser there is a considerable difference be-
tween the positions of zero shear stress and maximum ve-
locity.
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Dynamics of Slung Bodies Using a Single-Point Suspension System

Corrado Poli* and Duane Cromack ¥
Uniwversity of Massachusetts, Amherst, Mass.

A stability analysis of slung bodies of current, practical interest, and the identification of the
towing system parameters which affect stability is presented. The analysis is accomplished by first
determining the aerodynamic characteristics of two nonstreamlined bodies; an 8 ft X 8 ft X 20 ft
cargo container, and a 20-ft-long, 5.4-ft-diam right-circular cylinder. These results are then used in
a linearized small-perturbation stability analysis of the slung system. For the single-point system, it
is shown that long cables, high speeds, and light loads are required for stability. The drag-to-
weight ratio of the towed body and the length of the cable are shown to be the most important sta-

bility parameters.

Nomenclature

a,h = horizontal and vertical distances between attach-
ment points

A,B,C = moments of inertia of the towed body about the
X,Y;2 axes

D/w = drag-to-weight ratio

dy,da = distance from c.g. of slung load to the attachment
point, measured in the X YZ system (primed quan-
tities are measured in xyz system)

{ = cable length

LMN = aerodynamic moments

m = mass of the towed body

riw = edge radius-to-body width ratio

To = steady-state cable force

ETRIN = linear perturbation

U, = steady-state velocity

X, Y, Z = aerodynamic forces

[[RVN) = aircraft Euler angles

fal = angle of attack

I¢] = side-slip angle

b% = steady-state tow angle (Fig. 3)

Cp = drag coefficient

CL = lift coefficient

Cy = side-force coefficient

C, =roll moment coefficient (moment measured about
c.g.).

Cm = pitch moment coefficient (moment measured
about c.g.)

Cn = yaw moment coefficient (moment measured about
c.g.).

CLa =9C L / da

Cmo( = 6Cm/80(

Cys =9Cy/08
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Cn =3Cn/38

X, Xy, ete. = changes in the aerodynamic forces and moments due
to changes in velocity

Re = Reynolds Number

Introduction

IN 1930, Glauert! performed what appears to be the first
comprehensive study into the dynamics of towed bodies
when he investigated the lateral and longitudinal stability
of a nonlifting body towed by a light inextensible wire.
While additional valuable work has been done in the area
of airborne towing2-15 (Ref. 12 should be consulted for a
comprehensive survey), a study of the available literature
shows that few quantitative results are available for the
dynamic state during the towing of nonaerodynamic
shaped bodies, such as a palletized cargo, beneath rotary
winged aircraft.

The increased importance of towing becomes clear when
one begins to imagine conditions when it would become
desirable to transport some heavy operational equipment
from one remote and inaccessible area of operation to an-
other, or even from sea to land. One way, and in some
cases possibly the only way, to perform quickly this trans-
portation of equipment would be to have a helicopter tow
the gear from one region to another. It is also conceivable
that towing of cargo could greatly reduce the costly delays
in overseas shipping schedules often caused by inadequate
or nonexistent port facilities in remote and underdevel-
oped areas where vessels could stand idle for weeks before
their cargo can be unloaded. In such situations if the air-
lifting of equipment is to be performed successfully, then
the towing must be accomplished with a minimum
amount of unstable motion. Hence, before a system can
be considered operational, it is necessary to establish the
ranges of operation in which instabilities are likely to
occur.

The need for such investigations is quite clear. For in-
stance, Etkin and Macworth® report of the serious insta-
bility which occurred when attempts were made to tow



