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THEORETICAL DIFFUSER PERFORMANCE
7.4.1. Generaj Considerations in Diffuser Analysis

7.4.

A diffuser is an expanding duct. The primary objective of
a diffuser is to recover fluid static pressure from a fluid
stream while reducing the flow velocity. The fluid slows as
it passes through a diffuser, and a portion of the kinetic
energy of the flow is converted into the potential energy of
pressure. An efficient diffuser is one which converts the
highest possible percentage of kinetic energy into pressure
within a given restriction on diffuser length or expansion
ratio.

In a diffuser, the pressure gradient opposes the flow
(Table 7-2). As a result, the boundary layer in a diffuser
decelerates and thickens rapidly, and it can separate from
the diffuser walls to form large unsteady eddies that block
the diffuser flow (Ref. 7-25). The separation of flow from
the diffuser walls is called diffuser stall, and it virtually
always degrades the diffuser pressure recovery. Thus, the
limit of diffuser performance is largely governed by
boundary layer growth and the onset of stall.

7.4.2. Theoretical Aspects of Diffuser Performance

Consider the control volume of Fig. 7-6, which is
bounded by the interior walls of the diffuser. The flow is
steady and incompressible, Conservation of mass for this
control volume is given by frame 4 of Table 5-1 with
constant density, o1 = p; = p = constant,

(7-39)

Ul Al = UZA?Q
where the average velocities
U= 1 f udA {7-40)
Ady

are averages of the axial velocity over the diffuser cross
section A, Conservation of energy for this control volume

SURFACE

Fig. 7-6. Control surface for a diffuser with a free discharge, The
boundary layer is retarded at the diffuser walls. Uy is the average inlet
velocity.

(159
is described by frame 5 of Table 5-2 with the heat transfer
and shaft work terms set to zero (W = Q = ();

ul
Pf (u‘i"-“f'—f)ﬁ‘ﬁdA

2
=pf (u +3+3-)‘ﬁ‘- AdA.  (7-41)

Ap P 2
U'is the Jocal velocity vector, which has magnitude u. 7 is
the unit outward normal from the control surface. If (n
the changes in internal energy « are neglected (that is,
viscous dissipation is neglected), (2) the static pressure p is
uniform over each diffuser cross section of area A {as
corresponds to experimental observation, Ref. 7-26), and
(3)attention is restricted to components of flow parailel to
the centerline of the diffuser, then the integrals of Eq.
(7-41) may be considerably simplified:

Ptf udA-!-%fu’dA*pzf udA+§~fu3dA,
H

Ay A Az A

(7-42)

since the only nonzero terms are integrals over the areas
A; and A; (Fig. 7-6). The axial flow velocity u will vary
from zero at the diffuser walls to a peak value along the
diffuser centerline. This velocity distribution is charac-
terized by a kinetic energy flux profile factor,

[ (3)
== [ (2] 4a,
*=al\u

which will generally vary along the diffuser axis. o is the
ratio of the transport of fluid kinetic energy passing

(7-43)

" through the diffuser cross section of area A to the

minimum possible transport of fluid kinetic energy at the
same mass flow. The minimum value of the kinetic energy
flux profile factorisa = 1, which corresponds to uniform
flow. o increases as the flow becomes peaked. If the peak
of the exit flow. from a diffuser is minimized (o, is
minimum), the kinetic energy exiting the diffuser is
minimized and, by conservation of energy, the pressure
recovery is maximized. Thus, a uniform exit flow pro-
duces the best pressure recovery in any diffuser.

By incorporating Egs. (7-39), (7-40), and (7-43) into
Eq.(7-42) and rearranging, the nondimensionalized static
pressure rise through the diffuser is predicted in terms of

the area ratio (A;/A\) > | and the kinetic energy flux
profile factors:

Pz ™ ™

———

ipU = —az(i)z. (7-44)

As

ident pon-uniform flow

Chpgdd -BL. Dy
R,-D.L%Le,\fy:sj



-

1.

LY
.

- The diffuser pressure recovery is strongly influenced by
the flow profile at the entrance and exit through the
profile parameter . For uniform flow profiles, u = Uand

“ay = ay = |, and this equation becomes

(%)
=1-{=}.
Az
Since the diffuser is an expanding duct, Az/ A, exceeds 1.0
and the pressure will rise through the diffuser as the
velocity falls, although viscous dissipation will diminish
the pressure rise from that predicted by these equations.

Equation (7-44) implies that the pressure recovery
through a diffuser is maximized by increasing o, hence
increasing the peakedness of the inlet profile, and by
minimizing a2, hence making the outlet flow as uniform as
possible. Unfortunately, the common situation is just the
opposite. Viscous friction at the diffuser walls peaks the
exit profile and increases a: over a;.

The extreme example of a peaked exit flow profile s jet
flow. If the flow separates from the diffuser walls near the
throat and maintains a uniform narrow jet through the
diffuser, it can be easily shown from Eq. (7-43) that for a
uniform jet of velocity U; over area At,

p2 =~ Pt

2
é Iy U i | idealuniform flow

(7-45)

o =1, o= (A A

The corresponding pressure recovery is zero, withpr = p2
[Eq. (7-44)]. Jet flow reduces the diffuser efficiency to
zero, which demonstrates that diffuser effectiveness is
largely governed by the degree to which the flow conforms
to the diffuser walls.
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7.4.3. Diffuser Stail

Diffuser stall is the separation of flow from the diffuser
walls and the formation of appreciable regions of un-
steady separated flow within the diffuser. Diffuser stall
can be delineated into regimes as illustrated in Table 7-6
for two-dimensional diffusers with straight walls. Both
the profile of flow exiting from the diffuser and the -
diffuser pressure recovery are intimately related to the
presence of diffuser stall. Stalled regions of separated
fluid can block the diffuser flow, and they often resuit in
severe asymmetry and unsteadiness of the exit flow. This
tendency of diffusers to stall generally makes the diffuser
the least stable component in 2 fluid cireait,

Diffuser stall is a function of (1) the diffuser inlet
conditions, (2) the diffuser exit conditions, (3) the Rey-
nolds number, (4) the Mach number, and, most impor-
tant, (5) the diffuser geometry (Refs. 7-27 through 7-38}).
Over wide ranges of turbulent flow (Reynolds number,
based on inlet flow velocity and inlet diameter, in excess
of 5X 10%, the stall characteristics are primarily a
function of diffuser geometry (Ref, 7-27). Regimes of
diffuser flow are given as functions of diffuser geometry in
Fig. 7-7(a) for two-dimensional diffusers and in Fig. 7-8
for conical and annular diffusers. These stall regimes are
not as distinct as implied by Table 7-6 and Fig. 7-7(a), but
rather blend into one another. Note that the geometry of
the two-dimensional diffuser, shown in Fig. 7-9, can be
specified either by the diffuser angle § and the divergence
ratio N/ W, or by the area ratio A;/H, and the divergence
ratio N/W,. Lines of first appreciable stall are given in
Fig. 7-8(b) for conical and annular diffusers. The higher
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Fig. 7-7. Stali regimes for two-dimensiona} straight-walled diffusers, In the hysteresis zone, the flow varies between jet flow and fully deveioped stall.
Graphs {4) and (b} are equivalent. See Fig. 7-9 and Tabie 7-6 for definition of terms. {Refs. 7-27, 7-29, 7-36.)
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Table 7-6. Definition of Diftuser Stall Regimes.
These stall regimes apply to two-dimensional diffusers (two parailel wails and two diverging walls,
Fig. 7-8. It is reasonable to believe that they apply to other diffusers. The divergence angle is
exaggerated. Also see Fig. 7-7. (Refs. 7-27 through 7-29.)

Description Characteristics

1. Unstalled Flow follows diffuser contours.

““mmmm_”’,,u”‘d” Flow is steady.

2. Appreciable Stall Flow generally follows diffuser contours.
Boundary layers thicken. Small regions of
separation and erratic flow are generally first
"_mm_____,af"””” seen in corners and they occupy no more than
. 1/5 of diffuser wall. There is little or no
reverse flow.

3. Large Transitory S5tall Flow is erratic with gross oscillation of pres-
gsure and overall flow pattern. Stalled

_i_ “-“--_”’ﬂ”,n"‘:; regions with reverse flow form and then wash out.
. ___’_—/x N/w1 < 4

stalls occur on 1 diverging wall.

4 < N/W1 < 12: stalls occur on both diverging

T —__l\‘\ :DD\\ walls (shown).

N/w1 > 16: stalls occur on parallel walls.

4, Fully Developed Stall Flow separates near throat and forms a large,

stable, fixed eddy alcng one diverging wall while
-__“m"w”‘,,a"”” the flow follows second diverging wall. Near-
______“””,4~“"~*”— steady flow with reverse flow in eddy. Eddy
e can be moved from one wall to the other wall only
by large disturbances.

5, Jet Flow Incoming flow separates from both diffuser walls
near throat and proceeds as a jet down diffuser.
- | Large fixed eddies form on diverging walls,

Flow is steady with substantial regions of reverse
flow. Diffuser pressure recovery is wvery poor.

=5 )
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Fig. 7-8. Lines of first appreciable stali for two-dimensional, comical,
and annular diffusers. The two graphs are equivalent. See Table 7-6and
Fig. 7-9 for definition of terms. {Refs. 7-29, 7-34, 7-37.)

onset of first stall in conical and annular diffusers
compared with two-dimensional diffusers may be ex-
plained by the fact that stall often occurs first in the
corners of two-dimensional diffusers, while conical and
annular diffusers, being free of corners, are somewhat
more resistant to stall (Refs. 7-29, 7-34}. Complete stall
regime maps are not available for conical and annular
diffusers.

Turbulence in the flow and variations in the inlet flow
profile can influence the stall and performance of a
diffuser. High turbulence levels generally raise the line of
appreciable stall (Fig. 7-7), thereby making the diffuser
less prone to large transitory stall (Refs. 7-30, 7-36) and
therefore capable of increased pressure recovery (Ref.
7-63). Increasing the boundary layer thickness or skewing
the inlet flow profile lowers the line of first stall (Fig. 7-7),
thereby making the diffuser more prone to stall and

NULLLED, RIEFFUSERS, ARNL VEINIWUDIS 1y

capable of less pressure recovery, although this effect is
generally small (Refs. 7-27, 7-35, 7-38).

Within the transitory stall regime, the eddies associated
with stall will be formed and subsequently washed out in
quasi-periodic fashion. The time for one cycle of this
event varies about a typical mean period. For two-
dimensional diffusers, the mean stall period (average time
between events) can be predicted as follows (Ref. 7-33):

L sin 20
U

NEF o

(7-46)

where 26 is the diffuser included angle, U, is the average
entrance velocity, and L is the length of a diffuser side
(Fig. 7-9). The dimensionless coefficient e is a function of
the inlet Reynolds number (Ref. 7-39):

a = (0.1 % 0.04) (Uy W /)™, (7-47T)
which agrees with experimental data obtained in water at
Re; = 7.5 X 10° (o = 180 & 60, Ref. 7-33) and in air at
Re; = 3.7 X 10° (& = 4000 £ 1500, Ref, 7-39). The mean
stall period is a valid estimate of the average period of 100
or more stall-washout events. Individual events can vary
from }Ty to 2Ty or more (Ref. 7-33). Additional dis-
cussion of periodic diffuser phenomena can be found in
Refs. 7-31, 7-33, 7-39, 7-40, and 7-41.

Figure 7-10 shows the typical shape of pressure recov-
ery as the diffuser angle is increased. The maximum
pressure recovery occurs slightly above the line of first
appreciable stall for two-dimensional diffusers and
slightly below this line for conical and annular diffusers.
The formation of large transitory or fixed stall signif-
icantly degrades the pressure recovery. For the same
divergence angle, the pressure recovery is higher in
diffusers which contain transitory stall than in diffusers in
which a large fixed stall has developed (Ref. 7-27).

7.5. DIFFUSER PRESSURE RECOVERY
COEFFICIENT

7.5.1. General Considerations

The actual recovery of static pressure for flow througha
diffuser can be specified by an experimentally determined
static pressure recovery coefficient:

Pr— P

L ——-

PTo4pUL

(7-48)

pi and p: are the static pressures at the diffuser inlet and
exhaust, respectively. p is the constant {luid density, and
U, is the average flow velocity through the diffuser inlet
(Fig. 7-6). Consistent sets of units are given in Table 3-1.
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Fig. 7-9. Two-dimensional (a), conical (b), and annular (c) straight-walled diffusers. 29 is the included diffuser angle.

(Note that this C_is not identical to the same symbol used
previously in this chapter for the specific heat at constant
pressure.) For uniform entrance and exit flow and no
friction losses, the ideal static pressure recovery coef-
ficient can be deduced from Eq. (7-45),

wa— At :
CPl ideal wniform flow 1~ X; » (7"49)

where A, and A; are the entrance and exit flow areas,
respectively. Using Eqs. (7-48) and (7-49), a diffuser
effectiveness can be defined to measure the actual diffuser
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Fig. 7-10. Relationship between flow regimes and pressure rccovery.for
a two-dimensional diffuser {Ref. 7-27). The lines correspond to stall
regimes of Fig. 7-7(a).

performance against the theoretical ideal:

- Actual Static Pressure Recovery C.
Ideal Static Pressure Recovery 1 — (A1/Az)*

(7-50)

In practice, C, will generally fall below the theoretical
ideal and # will be less than 1.0. Viscous dissipation and
velocity peaking in the outlet stream reduce the pressure
recovery. There will be an additional loss of kinetic energy
of the exiting stream for a diffuser which dischargesintoa
large reservoir of still fluid. It is possible, however, for C,
to exceed the ideal value and 5 to exceed 1.0 if the inlet
stream is highly peaked and the exit stream is nearly
uniform (see Section 7.4.2).
A total pressure loss coefficient K for a diffuser can be

defined by the change in total pressure through the
diffuser:

1
P “*“‘pU?“(pz -!~i

1
5 2pU%)=wpU% K. (7-51)

2

Using Eqgs. (7-39) and (7-48), the loss coefficient K and the
pressure recovery coefficient C, are related by

K=1-=(A/A) - C,, (7-52)



‘and for a diffuser with a free discharge into a large
reservoir, Az = and '
K=1-C,. (7-53)
For a perfect diffuser, C, = 1 and K = 0.
Ordinarily, one is constrained in diffuser design by the

overall length or area ratio. The two dashed lines in Fig.
7-11 represent solutions to two common design problems:

Cs = Locus of points which define the diffuser area
ratios producing the maximum static pressure
recovery in a given nondimensional length. (Giv-
en the ratio of overall length to inlet width, what
ratio of outlet to inlet area produces the maxi-
mum static pressure recovery?)

Cyr = Locus of points which define the diffuser non-
dimensional length producing the maximum
pressure recovery for a prescribed area ratio.
(Given the ratio of outlet to inlet area, what ratio
of overall length to inlet width produces the
maximum static pressure recovery?)

C:* nearly always lies below Cyona plot such as Fig. 7-11,
and both lines generally lie at or near the range of onset of
stall.

While notable progress has been made for analytically
predicting diffuser performance (Refs. 7-42 through 7-
47), computational predictions are hindered by the large
amounts of computer time required on even the fastest
machines and by inaccuracies in stall and post-stall
phenomena which are present in many diffusers of
practical importance.

The data in the following section are entirely the result
of painstaking experiments on diffusers which discharge
into large plenums (free discharge). This is the most
common diffuser application. Relatively little data is
available for diffusers which act solely as expansions
between constant area pipes or ducts. However, the data
presented in frame 18 of Table 6-7 apply to a conical
diffusing expansion in a pipe line. These data can be
interpreted in terms of a static pressure recovery coef-
ficient by applying Eq. (7-52).

7.5.2. Performance of Diffusers with Free Discharge

Two-Dimensional Diffusers. Maps of the static pres-
sure recovery coefficient C, [Eq. (7-48)] for two~dimen-
sional diffusers [Fig. 7-9(a)] with a free discharge are
givenin Fig. 7-11 for two inlet boundary layer thicknesses.
C, is generally a function of the diffuser geometry and
inlet boundary layer profile, as indicated in Fig. 7-11, the
inlet Reynolds number and flow profile, and the condi-
tions at the diffuser exit, which for a free discharge is a

(LA ATy Wi T G WE- 13, T P T it b e

reservoir of static fluid. The performance generally de-
creases with increasing inlet boundary layer thickness, as
indicated in Fig. 7-11 (Refs. 7-27, 7-35).

The two boundary layer thicknesses of Fig. 7-11 were
obtained by varying the length of inlet ducting into the
diffuser. The plane boundary layer displacement thick-
ness is defined as

W /2
(12

4

(7-54)

where u is the local velocity at a distance y from the inlet
duct wall and U, is the centerline velocity. A thickness of
281/ W; = 0.1 corresponds to a fully developed boundary
layer in Fig, 7-11. Diffuser performance generally de-
creases with decreasing Reynolds number, which ordi-
narily corresponds to increasing boundary layer thick-
ness. However, if the inlet Reynolds numbers are in excess
of Re = U; W) /v = 5+ 10%, then the inlet boundary layers
are fully turbulent and performance becomes nearly
independent of Reynolds number (Refs. 7-27, 7-48).

For an area ratio of Az/A; = 2 and N/W; = 8§, the
decrease in performance with increasing inlet boundary
thickness is as follows (Ref. 7-27):

28,/ W, | 0.007 | 0.015 l 0.03 | 0.05

Cp 1 0.69 l 0.67 ] 0.65 l .60

While this boundary layer influence is significant, it is
generally less important to diffuser performance than the
geometry of the diffuser. .

The geometry of a straight-walled, two-dimensional
diffuser can be specified by the following parameters:
nondimensional length, N/ W, and either included angle
20 or area ratio A,/ A.. From the geometry of the diffuser
[Fig. 7-9(a)}, it can be shown that

W: — W, W](Wz ) W{(Az )
tan O = e = e | = — | [ = = ],
IN VA,

(7-55)
W, is the inlet width, W3 is the outlet width, and N is the

diffuser Jength. Taking the logarithm of this expression
yields

N A
logio (21an 6) = —logie =+ loguw (;f -] )

(7-56)

Thus, lines of constant diffuser angle appear as straight,
parallel, diagonal lines when plotted on 2 graph of loguw
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(N /W) versus logi [(A2/ A1) — 1}, as shown in Figs. 7-
7(b) and 7-11. ,

The optimum line C3* (see Section 7.5.1) always lies
below C; on the plot of Fig. 7-11, and C; is very nearly
equalto a diffuser included angle of 26 = 7°, althoughthe
pressure contours are nearly level near Cy+. The locations
of C; and Cy* are nearly identical for the two boundary
layer thicknesses of Figs. 7-11(a) and 7-11(b). Reneau and
his co-workers have shown that for a range of inlet
boundary layer thicknesses, the location of C; is nearly
independent of boundary layer thickness (Refs, 7-27, 7-
:26). This implies that the optimurm diffuser geometry fora
given nondimensional length can be chosen independently
of the inlet boundary layer thickness for symmetric inlet
flow. Inlet flow profiles which are skewed to one wall or
are substantially nonuniform exhibit decreased perfor-
mance compared with the nearly uniform profiles of Fig.
7-11, and their C; optimal lines generally fall below those
given in Fig, 7-1t (Ref. 7-38).

Comparing Fig. 7-7(b) and Fig. 7-11, it can be seen that
both the C; and C; optimal lines lie within the range of
appreciable stall. This implies that optimal two-dimen-
sional diffusers will be marginally stable. Stability of a
two-dimensional diffuser can be obtained only at the cost
of a performance penalty by either (1) decreasing the
diffuser angle or area ratio to place the diffuser well within
the range of no appreciable stall, or (2) increasing diffuser
angle or area ratio to the point where the diffuser lies well
within the fixed stall or jet flow regime, or (3) vaning the
diffuser. The first and third options require the smallest
performance penalty.

Conical Diffusers. Maps of the static pressure recov-
ery coefficient for a conical diffuser with a free discharge
are given in Fig. 7-12 both as a function of area ratio
As/A, and as a function of divergence angle 28. The
relationship between these variables is obtained from the
geometry of the diffuser [(Fig. 7-9(b)}:

R: — Ry Rl(Rz ) R][ (Az )”2 ]
tan f = ———— = e | e — | o] | e - 11.
an AVY

757y

R, is the inlet radius, R; is the outlet radius, and N is the
diffuser length, The inlet area is A, and A; is the outlet
area. The static pressure recovery coefficient is generally a
function of the diffuser geometry, as indicated in Fig.
7-12, the inlet Reynolds number, flow profile, and the
conditions at the diffuser exit, which, for a free discharge,
is a reservoir of static fluid. The pressure recovery
generally decreases with increasing inlet boundary layer
thickness. The data of Fig. 7-12 apply for thin inlet
boundary layers, such as would deveiop over one or two
diameters of a pipe having the same diameter as the
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diffuser inlet. The data presented in Ref. 7-48 imply that
the pressure recovery coefficients are 5-15% lower for
thick inlet boundary layers such as would develop over
long lengths of inlet pipe. Similarly, diffuser performance
generally decreases with decreasing Reynolds number,
which corresponds to increasing boundary layer thick-
ness. However, if the inlet Reynolds number is in excess of
2UiR: /v = 7 X 10%, then the inlet boundary layer is fully
turbulent and the performance will be substantially
independent of Reynolds number (Ref, 7-34).

The optimal line Cy* (see Section 7.5.1) always lies
below C; on the plots of Fig. 7-12, and C;* is very nearly
equal to the diffuserincluded angle of 28 = 5° (Ref. 7-26).
Studies by Cockrell and Markland (Ref. 7-49) and by
Sovran and Klomp (Ref. 7-26) and the data reported by
Miller (Ref. 7-48, p. 168) indicate that the C; optimum is
nearly independent of the inlet boundary layer thickness.
This implies that the C; optimal diffuser geometry for a
given nondimensional length can be chosen indepen-
dently of boundary layer thickness for symmetric inlet
boundary layers, The C;* optimal line may be influenced
by boundary layer thickness, decreasing with increasing
boundary layer thickness (Ref. 7-48, p. 168). Comparing
Figs. 7-8 and 7-12, it can be seen that the optimal lines fall
below the line of first appreciable stall, which implies that
optimal conical diffusers will be stable and free of stall.

Swirl is defined as tangential rotation of the flow. Inlet
swirl is often present in conical diffusers as a result of
upstream rotating machinery. Experimental studies sug-
gest that the effect of swirl on conical diffuser per-
formance can be correlated with the stall regime. Inlet
swirl has little effect on unstalled diffusers. However,
swirl can substantially improve the performance of stalled
diffusers and it produces a substantial upward shift in the
optimal lines shown in Fig. 7-12 (Ref. 7-50). The swirl-
induced performance improvement is apparently due to
improved velocity distribution which yields a more uni-
form exit velocity profile (Ref. 7-51).

Annular Diffusers. A straight-walled annular diffuser
is shown in Fig. 7-9(c) and in cross section in Fig. 7-13. A
map of the static pressure recovery coefficient for an
annular diffuser is given in Fig. 7-14 as a function of the
area ratio A;/A; and the nondimensional diffuser length
I.JAR;. The average diffuser wall length and the inlet
differential radius are defined as

L=(L +L,)/2, AR =R,—R, (7-58)
L. L. R, 2and R, are defined in Fig. 7-13. The annular
diffuser geometry is by no means fixed by the two
parameters L/AR; and Ai/A,. However, Sovran and
Klomp (Ref. 7-26) have found that for common annular
diffusers with wall angles in the 5° to 30° range and inlet
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CENTERLINE

Fig. 7-13. Cross section of a straight-walled annular diffuser with a free discharge.

radius ratios of R;/R, between 0.55 and 0.70, these two
parameters correlate the majority of the experimental
data. The inlet boundary layers for the data of Fig. 7-14
were relatively thin, The inlet Reynolds number varied
over the range 4.8 X 10° < UjAR /v < 8.5X 10°. It is
reasonable to believe the static pressure recovery coef-
ficient will be nearly independent of Reynolds number for
U\AR /v >7 X 10* and that it will decrease slightly with
thickening inlet boundary layers. Comparing Fig. 7-14
with Figs. 7-11(a) and 7-12(a), it can be seen that all three
plots predict similar performance for two-dimensionai
variables of area ratio A,/ A; and nondimensional length.

The optimal line C;* lies below C; (see Section 7.5.1).
Based on the performance of two-dimensional and conical
diffusers, it is reasonable to believe that the C; line will be

nearly independent of the inlet boundary layer thickness.
Comparing Fig. 7-8(b) with Fig. 7-14, it can be seen that
the optimal annular diffusers generally lie below the line
of first appreciable stall; this implies that optimal annular
diffusers generally will be stable and free of stall.

One of the most common applications of annular
diffusers is in the discharge of turbines. Studies of annular
diffusers in turbomachinery outlets suggest that Fig. 7-14
provides a valid estimate of the diffuser performance with
moderate swirl; a high degree of swirl may degrade the
performance somewhat (Refs. 7-52, 7-53, 7-54).

Vaned Diffusers. The performance of short, wide-
angle diffusers can often be considerably improved by the
installation of vanes, as shown in Fig. 7-15. One to five
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Fig. 7-14. Static pressure recovery coefficient for annular diffusers with thin inlet boundary fayersin excess of UiARy /v 3> 7 X 10°. See Fig. 7-13and

Eq. (7-63) for definition in terms. (Ref. 7-26.) Reproduced with permission.
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Fig. 7-15. A two-dimensional diffuser with three short vanes.

vanes have been installed in diffusers with included angles
between 14° and 80° and area ratios as severe as 5 to 1.
Vanes subdivide the diffuser into a series of diffusing

\ passages, each of which will have divergence angles and

area raties much smaller than those of the vaneless
diffuser. Thus, while the vaneless diffuser operates in the
regime of stall or jet flow, the addition of vanes can
produce a series of stall-free diffusing passages with each
passage operating at near-optimum pressure recovery.
The installation of vanes in badly stalled diffusers has
beenreported to (1) increase pressure recovery by as much
as a factor of 2, (2) produce much steadier exit flow, and
(3) yield uniform exit flow with as much as a factor of 2
reduction in the peak to average flow velocity (Ref, 7-55).

Successful vanes described in the literature generally
follow the following design principies (Refs. 7-35, 7-36,
7-48, 7-55, 7-56):

I. The number of vanes is chosen so that the included
angie of the passages between vanes is between 7° and
10°. That is, if n is the number of vanes, n is chosen so
that

28
= = o 7-59
‘ B o 7 to 10 (7-59)

26 is the included angle of the diffuser (Fig. 7-15). The
included angle of the wall passage is often slightly
greater, :

2. Equal spacing is used between the vanes. If a is the
spacing between the leading edge of the vanes, mea-
sured perpendicular to the diffuser axis (Fig. 7-15),

a=Wi/(n+1). (7-60)
3. Whilesuccess has been obtained with vanes running
the full length L of the diffuser, vanes as short as
0.25<L./L < 0.6 have yielded very good perfor-
mance. The length of these shorter vanes is chosen so
that the diffusing passage between vanes of included
angle 8 and inlet width a operates at the maximum
pressure recovery as indicated by either the C; line
(Fig. 7-11 for two-dimensional diffusers) or the line of
appreciable stall (Fig. 7-7, provided the length is
shorter than the diffuser length.

4, Theleading edge of the vanes is set back slightly from
the beginning of the diffuser divergence. This can be
done by setting 1.0 < b < 1.2a, or Wy < ¢ << 0.15W,.

5. The vanes are straight. The leading edges of the vanes
are rounded, and the trailing edges are tapered in at
least a 5 to | taper to minimize exit losses. Vane
thicknesses between 0.06W; and 0.1W; have been
used. The thicker vanes require careful contouring of
their leading and trailing edges.

Under these rules, the performance of the vaned diffuser
can nearly equal that of the unvaned diffuser if the
optimurm, rather than the actual, divergence angle is used.
Feil (Ref. 7-56) offers the following improvements in
the above rules for optimizing the performance of two-
dimensional diffusers having curved leading edges, as
shown in Fig. 7-16. The radius r is chosen so that

r=3W,/46,, (7-61)
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Fig. 7-16. Feil's vane system installed in a two-dimensional diffuser,

@, is here measured in radians. 26, is the sum of the
diffuser included angle and a correction angle which is
dependent only on the diffuser area ratio:

26 =26 + 2486, (7-62)
where A6 in degrees is given below:
Azl A 30 ' 35 | 4.0 ‘ 4.5 l 50

AB (deg) 4.5 ! 60 | 67 { 73 | 15

The number of vanes is chosen so that
B=28(n+ =7 to 10°,

where n is the number of vanes. The spacing between
vanes is a = W,/(n + 1) (Fig. 7-16). The length of the
vanes L, is chosen as either 0.6 times the length of the
diffuser side L or such that each diffusing passage
operates at the line of appreciable stall as indicated in Fig.
7-7 for a two-dimensional diffuser, whichever is shorter.

While the rules presented in the previous two para-
graphs were developed for two-dimensional diffusers, it is
reasonableto believe, in the absence of contrary published
data, that they can be applied directly to conical and
annular diffusers.

Curved Wall Diffusers. Curved wall diffusers can be of
two classes: (1) diffusers whose axis is straight but whose
walls are curved in a bell or a trumpet shape, or (2)
diffusers whose axis is curved so that the diffuser is the
sum of a bend and a straight axis diffuser. Tests by
Carison et al. (Ref. 7-28) indicate that there is little
advantage in utilizing a trumpet or bell wall shape overa
straight wall in a straight axis, two-dimensional diffuser;
moreover, the straight wall design is far easier to
construct.

The losses in a curved axis diffuser (a diffusing bend)
exceed those in a comparable straight axis diffuser. The

pressure recovery is lower, and the bending of the {low
results in an exit maldistribution with higher flow veloc-
ities on the outside of the bend. However, a curved axis
diffuser can be more efficient than the combination of a
straight axis diffuser and a bend (Ref. 7-48). Considerable
data on curved axis diffusers is presented in Refs. 7-29,
7-48, 7-57, and 7-58.

7.6. VENTURI TUBES

Venturi tubes are the union of a nozzle and a diffuser, as
shown in Fig. 7-17. The purpose of a venturi tube is to
create a region of low static pressure at the venturi throat
which can be used to draw in a second fluid, as in a venturi
carburetor, or to generate a pressure differential between
the throat static pressure and the static pressure in the
contiguous pipe line, as in a venturi flowmeter.

The mass flow rate through a venturi tube can be
predicted by the same formulas for nozzles that are
developed in Section 7.2. For incompressible flow, the
mass flow rate is [Eq. (7-33)]

?sz[ 1

m=Co T @Dy

172 .
] [26 (o — P21
For compressible subsonic flow, the mass flow rate is{Eq.
7-36)]
rd’ [ 1 ] i ,
S - [P, Su— 2 - p 1Y,
2 L T= @Dy [2p1(p: — p2)l
C is the discharge coefficient, i.e., the ratio of the actual
flow rate to the ideal flow rate for a given static pressure
differential. p) is static pressure at the upstream tap where
the diameter is D, and p, is the static pressure at the throat
where the diameter is d. p is density and p, is the density at
the upstream tap (see discussion at end of Section 7.2.3).
Y is the expansion coefficient [Eq. (7-29), Table 7-3].
Consistent sets of units are given in Table 3-1.



Similarly, for the diffuser design,
! Ly
pPo — D. prUz( l.5+-5-"Cp).

Comparing these two equations, it can be seen that the
presence of the diffuser reduces the overall losses.

The mass flow through the cross duct is now easily
computed from the above formula for the straight pipe
design,

2 2 _ 2
ri’l»“-ppri) *pWD [2(p0 p,)] /
4 P

ﬂu+hwm

S+
15+

and for the diffuser design,

. UnD? WD12ma—pJ]m
M=P—y— =Py o
fL;

12
(u+5ng).

These two expressions are evaiuated for the parameters of
Fig. 7-21 and the units of frame 7 of Table 3-1:

D =6in., p =191 X 107 Ib-sec’/in.%,
Li =96in,  pe = 26 lbfin.%,
L; =24in,  p.=251b/in.>.

If the Reynolds number of the pipe flow is estimated
initially as Re = UD/» = 10°, where v is kinematic vis-
cosity, and the pipe is fully rough steel, then the surface
roughness is € = 0.002 in. (Table 6-4), ¢/D = 3.3 X 10,
and the friction factor is estimated from Fig. 6-8 to be

f=0.016

These parameters are sufficient to compute the flow rate
through the straight pipe design:

U = 2400 in./sec (200 ft/sec),
m = §.0130 Ib-sec/in. (5.00Ib/sec).
For the diffuser design, the static pressure recovery
coefficient must be found before the corresponding

computation can be made. For an optimal conical
diffuser of non-dimensional length N/R, = 24 in./3
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in. = 6, Fig. 7-12(a) gives C,=0.53at(A/A} ~ 1= L0
This area ratio corresponds to Az/A, =20, d/D =
(2.0 or

d = (2.0)'°D = 8.48 in.

In practice, thestatic pressure recovery coefficient will fall
below C, = 0.53 owing to the thick boundary layers in the
present case, and so C, = 0.5 will be used in the calcula-
tions. For C, = 0.5, the velocity and mass flow through
the diffuser design are

U = 2890 in./sec (240 ft/sec),
m = 0.015 Ib-sec/in. (6.02 Ib/sec),

Thus, by incerporating a diffuser, a 2095 increase in flow
rate is achieved over the straight pipe design for the same
overall static pressure drop. An additional 20% improve-
ment could be obtained by rounding the pipe inlet.
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