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Link Between Flow Separation and Transition Onset

J. A. Masad* and M. R. Malik'
"High Technology Corporation, Hampton, Virginia 23666

The relationship between the location of boundary-layer separation and transition onset in compressible subsonic
flow is studied. The flow separation considered in this study is caused by a localized adverse pressure gradient that
results from a single roughness element (a hump) on an otherwise smooth flat plate. The mean flow is computed
with the interacting boundary-layer (IBL) approach, and a quasiparallel stability analysis of the resulting profiles
is performed. The N-factor criterion with N =9 is used to correlate transition. The effects of unit Reynolds number,
hump location, hump length, and freestreamn Mach number on the relationship between separation and transition
location are evaluated. Our results support the customary assumption that the separation location can be taken as
the transition onset location in a certain parameter space; however, this assumption is not valid in other ranges of
the parameter space, particularly at low unit Reynolds numbers, for short humps, and at relatively high freestream

Mach numbers.

I. Introduction

XPERIMENTAL studies'? and previous theoretical invest-

igations®>~® show that separation enhances significantly the
instability of a boundary layer. Therefore, the onset location of
laminar-turbulent transition is clearly linked with the location of
boundary-layer separation. It was found>’ that as the height of a
roughness element increases from zero (no roughness), the flow
over the roughness element gets destabilized, and the disturbance
growth rate increases. The disturbance growth rates were found to
increase dramatically when the roughness height reached a critical
value corresponding to incipient separation. When the roughness el-
ement height exceeds this critical value (that is, larger than the value
causing separation) the predicted transition location using the em-
pirical ¢® method was found by Masad and Nayfeh” and Masad and
Iyer® to almost coincide with the location of separation. This result
is in agreement with available experimental data (see, for exam-
ple, Fage and Preston® and Dryden®). However, we are unaware of
any theoretical investigation which focuses on quantifying the re-
lationship between the separation and transition locations and the
possible variation of this relationship in the large parameter space.
In aircraft icing studies, for example, the transition location is nor-
mally assumed to be the same as the location of separation due to
ice accretion. There are no theoretical studies which evaluate the ac-
curacy of this assumption under different flow and icing conditions
and for different surface configurations.

The separation considered in this study is due to the presence
of a roughness element on a surface. For actual aerodynamic sur-
faces, roughness could result from manufacturing, degradation of
the material (corrosion), rain erosion, insect impingement, and ic-
ing. Furthermore, the aerodynamic surfaces might include steps and
gaps such as the steps at the joints between the wing and control
surfaces on airplane flaps.

A few theoretical studies examine the effect of a single roughness
element (that might induce flow separation) on stability and transi-
tion in compressible subsonic flow over a flat plate. A review of the
effect of surface imperfections on the stability of laminar boundary
layers is given by Nayfeh.!® A detailed study that focuses on tran-
sition prediction and control in compressible subsonic flow over a
hump is given by Masad and Iyer.’> As we have already mentioned,
earlier studies demonstrate that when flow separates, the disturbance
growth rate increases considerably as would be expected. How-
ever, no detailed quantitative evaluation of the relationship between
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separation and transition onset locations was made in any of these
studies. In this work, we perform a parametric study to quantify the
relationship between the locations of transition onset and separation.
Because of the large parameter space, we restrict our study to the
separation caused by a single, two-dimensional roughness element
(a hump) in compressible subsonic flow over a flat plate.

II. Formulation and Methods of Solution

We consider compressible subsonic flow over a hump on a flat
plate (Fig. 1). The hump shape is given by
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" Here, h* is the dimensional height, and A* is the dimensional length

of the hump with the center located at x* = L*,

The boundary-layer mean flow over this hump is computed by
solving the interacting boundary-layer (IBL) equations; the mean
flow is easily computed within and outside the separation bubble.
The flow over the hump can be analyzed using IBL theory,!! triple-
deck theory,!>'3 or by solving the Navier-Stokes equations. In the
IBL! theory, the Prandil transposition theorem is used with the
Levy-Lees variables to obtain the nonsimilar boundary-layer equa-
tions and the corresponding boundary conditions. The upstream
initial condition is taken to be that of a flow over a smooth flat
plate. To account for the viscous-inviscid interaction, the inviscid
flow over the displaced surface is calculated with the interaction
law, which relates the edge velocity to the displacement thick-
ness. Then, the thin-airfoil theory is used to supply the relation
between the inviscid surface velocities with and without the bound-
ary layer; it is also used to calculate the inviscid surface velocity in
the absence of the boundary layer. The continuity equation is then
manipulated and combined with the interaction law to yield a sin-
gle equation that can be solved simultaneously with the nonsimilar
boundary-layer equations and boundary conditions. The reliability
of the IBL to produce mean-flow profiles that are accurate enough
to bc:4 used in linear stability analysis was established by Ragab
etal.

In the IBL. computations, the interaction region is taken to be in a
conservative range that extends from a location close to the leading
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(Not to scale)

Fig.1 Hump on flat plate.

edge to a location way downstream of the hump. The step size in
the streamwise direction is uniform with Ax = 0.005. For a hump
length A of 0.2, this results in 40 points equally spaced over the hump
length. In the transverse direction, a stretched grid is used with An =
0.03 and An; = 1.03An;. for j = 2,..., N. The freestream
boundary conditions are applied at ny = 15. Computations were
performed for different sets of flow and roughness parameters with
smaller Ax; smaller An,, and larger ny, and the resulting profiles
and their stability characteristics showed that the grid used in the
computations (Ax = 0.005, An; = 0.03, and 5y = 15) results in
grid-independent solutions.

The ‘location of transition onset is predicted by performing
a linear, quasiparallel spatial stability analysis of the mean-
flow profiles and by using the empirical ¢" method (with N
equal to 9). Navier-Stokes computations by Gruber et al.'* show
that the error introduced by the quasiparallel assumption is not
too severe. Van Dam and Elli'> also performed Navier-Stokes
computations and evaluated the effect of nonparallelism and non-
linearity. For the selected disturbance frequencies, they found no-
ticeable difference between the Navier—Stokes solution and the
Orr—Sommerfeld theory. However, we believe that the difference
in the integrated growth (N factors) is small enough for the pur-
poses of transition correlation in these flows. The agreement of the
measured transition locations in the natural transition experiment of
Fage! with the locations predicted>> by the ¥ method for flow over
a roughness element demonstrates the reliability of this method in
predicting the transition location for the flow under consideration.
The linear stability calculations were performed using the IMSL
subroutine BZPFD coupled with a Newton—Raphson iteration on the
eigenvalue. The subroutine B2PFD is based on the code PASVA3
which was developed by Pereyra,!6 and it uses second-order accu-
rate finite differences with deferred correction. In the freestream,
asymptotic boundary conditions which utilize the boundedness of
the disturbance in the freestream are used.

In the linear stability analysis of the mean flow over the hump,
only two-dimensional disturbances are considered because, as
pointed out by. Mack,!” disturbances in subsonic boundary layers
(with a freestream Mach number M, up to approximately 0.8) are
most amplified when they are two dimensional. The frequency pa-
rameter F is defined as

2mv*
Pl
o0

f “@

where f is the dimensional frequency in hertz, v%, is the dimen-
sional freestream kinematic viscosity, and UZ is the dimensional
freestream streamwise velocity. The frequency parameter F remains
constant for the same physical wave as it propagates downstream.
The freestream Reynolds number is denoted by Re and is defined
as

Re = ULL*/v: ' 5)

where L* (Fig. 1) is the dimensional distance from the leading edge
of the plate to the center of the hump. The local Reynolds number
Re, is given by

Re, = ULx" /vy, 6)

and x* (Fig. 1) is the dimensional distance measured from the lead-
ing edge of the plate. The predicted transition location is taken to
be the point where the N factor of the disturbance reaches a value
of 9 in the shortest distance measured from the leading edge. The
value of Re, at that location is denoted by (Re;)n=9-

III. Results

Figure 2 shows the streamwise variation of the pressure coeffi-
cient C), for the incompressible flow over the hump shown in Fig. 1
and for a hump height & of 0.003 (which causes the flow to sep-
arate). Four regions of pressure gradient can be distinguished as
we proceed downstream in the neighborhood of the hump: adverse,
favorable, and a strong adverse followed by a mild favorable region.
Away from the hump on either side, we recover the zero pressure
gradient of a smooth flat plate.

It is well known that adverse pressure gradient destabilizes the
flow whereas the favorable pressure gradient stabilizes it. The over-
all effect of the hump on the disturbance growth is:destabilizing.
However, several parameters can influence the relationship between
the predicted transition location and the location of separation due
to the hump. These parameters include the hump height, length, and
location; the freestream unit Reynolds number; and the freestream
Mach number. In this section, we present results that demonstrate
these effects.

A. Flow Separation

Separation occurs when the adverse pressure gradient is suffi-
ciently strong. The momentum of the gas as it moves against the
adverse pressure gradient becomes too weak to overcome the vis-
cous force; beyond a certain level of adverse pressure gradient, the
flow is brought to rest, and backflow (separation) occurs. In this
work, we consider the flow separation that results from a local ad-
verse pressure gradient generated by a two-dimensional roughness
element.

Previous computations>> have shown that when separation occurs
it begins at some point between the center and the end of the bump.
We denote the Reynolds numbers based on the distance from the
leading edge of the plate to the center and to the end of the hump
by Rec and Reg, respectively. Because Re is based on the distance
from the leading edge of the plate to the center of the hump, then

Rec = Re @)

Furthermore, Fig. 1 shows that

A’*
ReE=U:o<L*+—2'>/U:O ’

Rep = (1 + %)Re ®

where A = A*/L* has been used. For example, when A = 0.2,
Eq. (8) gives Reg = 1.1Re. Therefore, the traces of Rec and Rey in
Fig. 3 correspond to

Thus,

Re, = Rec = Re
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Fig. 2 Variation of pressure coefficient with streamwise location for
separating incompressible flow with and without hump at A = 0.2, 2 =
0.003, and Re = 10°.
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Fig.3 Variation oflocal Reynolds numbers Rec and Reg and predicted
transition Reynolds number with freestream Reynolds number for
My, =0, A = 0.2, and fixed hump location.

and
Re, = Reg = 1.1Re

respectively. These traces are shown by the dashed lines in the figure.
Because the onset of separation is between the center and the end
of the hump, it occurs at a value of Re, between the two dashed
lines.

B. Effect of Unit Reynolds Number

To study the effect of unit Reynolds number on the relationship
between the locations of transition and separation, we considered
a hump with a fixed length A* and a center at a fixed location L*.
Because A = A*/L*, A also remained fixed. We first considered an
incompressible flow with M, = 0 and A = 0.2. The freestream
Reynolds number Re given by Eq. (5) was varied by varying the
unit Reynolds number. For each value of Re, the hump height
that caused incipient separation was determined. Then, the predicted
transition location in the flow over a hump with that particular height
was computed. As the unit Reynolds number decreased, the hump
height that caused incipient separation increased (Fig. 4). This result

agrees with both the theoretical results of Masad and Iyer® and the -

experimental results of Holmes et al.,> who noted that an increase
in the altitude (which decreases the unit Reynolds number) reduces
the length of the separation bubble caused by a step. The result also
agrees with the wind-tunnel experimental observation of Fage and
Preston® who noticed that initially the flow over a wire mounted
around a body of revolution was smooth without forming a wake
and as the velocity of the flow was increased (which increases the
unit Reynolds number) a wake was formed behind the wire.

The predicted transition Reynolds number variation with the
freestream Reynolds number is shown in Fig. 3. The predicted tran-
sition Reynolds numbers presented throughout this work were com-
puted by searching for the most amplified frequency [the frequency
that results in the lowest (Re, )y for a given set of conditions]. In
this search, F was varied in steps of 1075. To determine the hump
heigSht responsible for incipient separation, k was varied in steps of
107,

Note in Fig. 3 that at each value of Re a reduction in the hump
height from the value that causes incipient separation results in
no separation; thus, there is an increase in the predicted transition
Reynolds number. Therefore, at each Re, a reduction in the hump
height below the incipient separation value corresponds to transi-
tion Reynolds numbers above the solid line, and an increase in the
height above the incipient s&paration value corresponds to transition
Reynolds numbers below the solid line. The assumption that transi-
tion will occur at the onset of separation implies that it will occur at
values of Re, within the two dashed lines in Fig. 3. Figure 3 readily
shows that although this assumption is reasonable at moderate val-
ues of Re (zone II) it is not valid at low (zone I) and high (zone IIT)
values of Re.
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Fig. 4 Variation of hump height causing incipient separation with
freestream Reynolds number for Mo, = 0, A = 0.2, and fixed hump
location.

In zone I of Fig. 3, the transition location is far downstream of the
separation point, and the assumption that the transition onset loca-
tion is the separation location is a conservative assumption. In the
wind-tunnel experimental study of Fage and Preston® for flow past a
wire mounted on a body of revolution it was noticed that at a certain
freestream velocity the flow formed separation vortices but the flow
was laminar far downstream of the wire. Increasing the freestream
velocity moved the transition point closer to the wire. This observa-
tion is in agreement with the predictions shown in zone I of Fig. 3.
The behavior at low values of Re in zone I can be explained by the
following argument. Low values of Re correspond to locations far
upstream of the first neutral point of flow over a smooth flat plate. In
that region, the disturbances are strongly damped. Although the flow
separates, it accumulates an amplification factor that fails to reach
a value of 9. Then the flow encounters a smooth flat-plate region
that is still ahead of branch I; therefore, the previously accumulated
growth is canceled by the decay prior to reaching branch I. Hence, in
this region, the predicted transition Reynolds number is again that of
a flow over a smooth flat plate. This argument explains the variation
of (Re,)w—o with Re at low values of Re in zone I of Fig. 3. The
behavior in the rest of zone I is more complicated and is dictated by
the relative locations of the adverse and favorable pressure gradient
regions with respect to the smooth flat-plate lower neutral point.
The situation in this region of zone 1 is similar to placing a vibrating
ribbon (in an experiment) close to the leading edge and exciting it

‘with a relatively large amplitude. In this case, the disturbance will

reach the first neutral point with a vanishingly small amplitude due
to the strongly stable region between the leading edge and the first
neutral point. We point out that although placing a roughness el-
ement anywhere on the plate enhances the receptivity, placing the
roughness element close to the leading edge along with its asso-
ciated pressure gradient is expected to cause further enhancement
of receptivity due to the pressure gradient at the leading edge (see
Goldstein and Hultgren'®). ‘

Zone I of Fig. 3 clearly shows the importance of computing the
mean flow beyond the separation point in zone I. Although the
boundary-layer equations are capable of predicting the separation
location, they fail to march through it; to compute the mean flow
beyond separation, one must use a Navier—Siokes (NS) solver, of
a viscous-inviscid interaction theory such as the IBL!! equations
used in this study, or triple-deck theory.'>!3 The IBL procedure re-
quires computer time of one to two orders of magnitude less than is
required by the NS solver, to the same level of accuracy.

A large value of Re corresponds to a location that is far down-
stream of the second neutral point for Tollmien—Schlichting instabi-
lity in the boundary layer over a smooth flat plate. In this case, the N
factor reaches a value of 9 before it even gets to the hump. Therefore,
large values of Re generate a value of (Re,)y—y that is the same as
that of a smooth flat plate, namely, (Re,)y=9 ~ 3.2 x 10°. This is
shown clearly in zone III of Fig. 3 where the predicted transition
Reynolds number at large values of Re saturates to a constant value
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of approximately (Re,)y—¢ & 3.2 x 10%. As Re decreases from the
considered large value, the hump location is downstream but moves
closerto the second neutral point of flow over a smooth flat plate. Ata
certain value of Re, the flow begins to feel the mild adverse pressure
gradient at the beginning of the hump. Because the adverse pressure
gradient is destabilizing, the transition location moves upstream. A
further decrease in Re increases the effect of the adverse pressure
gradiant, which decreases (Re,)y—9 to a point where the flow sta-
bility has been fully affected by the first adverse pressure gradient
region, and this corresponds to the lowest value of (Re,) y—o in Zone
IIT of Fig. 3. At values of Re lower than this point, the flow begins to
be influenced by a favorable pressure gradient region, and because
the favorable pressure gradient is stabilizing, (Re,)y—o increases
the maximum value of (Re,)y—9 in zone II of Fig. 3. Then a fur-
ther decrease in Re causes the flow to begin to be influenced by the
second much stronger adverse pressure gradient region which also
causes flow separation. In this region, (Re,)n=o begins to decrease
as shown in zone II.

Although, these resnlts are obtained for the specific case of flow
over a roughness element, the conclusions drawn are believed to
be applicable to boundary-layer transition over natural laminar flow
airfoils where flow separation occurs beyond the location of pressure
minimum. Thus, if unit Reynolds number is sufficiently low, tran-
sition will occur past the separation point; and if the unit Reynolds
number is high, transition will occur ahead of the separation point.
These two cases correspond to zones I and III of Fig. 4, respectively.
At some intermediate values of unit Reynolds number, transition lo-
cation will coincide with the separation location.

C. Effect of Roughness Location

To study the effect of the hump location on the relationship be-
tween separation and transition onset locations, Re is varied by vary-
ing L*, which is the dimensional distance from the leading edge to
the center of the hump. To keep the dimensional hump’s length A*
fixed, A = A*/L* must vary in accordance with the variation of L*.
Therefore, we choose the reference quantities.

Rey = UL L§/v,

Ao = Ag/Lg
therefore,
Re = ReyL*/L} C)]
A =AipLy/L* 10)

Note that as Re decreases, A increases; therefore, the nondimen-
sional height h required to induce separation increases. For the re-
sults presented in this section, Reg is taken as 2 x 106, and A¢ = 0.2.
Variation of the predicted transition Reynolds number with Re at
My, = 0 is shown in Fig. 5. The figure clearly shows that the ap-
proximation of the transition location by the separation location is
reasonable, except at hump locations downstream of branch II of
the neutral stability curve for a smooth flat plate. At hump locations
close to the leading edge, the nondimensional hump height needed
to cause separation increases significantly. At such locations of the
roughness, even a relatively large height roughness element results
in a somewhat significant transition Reynolds number. This result
was clearly shown by Masad and Iyer,’ and it is consistent with the
flight test results of Braslow and Maddalon!® for roughness on a
swept wing and previous data of Von Doenhoff and Braslow?® and
Braslow et al.?* for roughness on unswept wings. The result is also
in agreement with wind-tunnel experimental observations of Fage
and Preston® for flow past a wire mounted on a body of revolution.

Athump locations downstream of branch I of the neutral stability
curve of a smooth flat plate, the N factor reaches a value of 9 before
it gets to the hump; therefore, the transition Reynolds number is
equal to that of flow over a smooth flat plate. The dashed lines in
Fig. 5 indicate the locations (Reynolds numbers) of the center and
the end of the hump. The contours of these lines are given by

\
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Fig. 5 Variation of Rec, Reg, and predicted transition Reynolds num-
ber with freestream Reynolds number for Mo, =0, A =0.2, Reg =2 x 105,
and fixed unit Reynolds number.

From Egs. (8-10), we obtain

1. L}
Re, = Reg = <1+§)~0L—2)R€
Re+ 20 pe L
= e — — Repg—
2L

1
= Re + —i)xoReo

= Re+0.2 x 10°

Therefore, Reg is represented by an upward shift of Rec, and the
dashed lines in Fig. 5 are parallel.

D. Effect of Mach Number

An increase in the freestream Mach number M, increases the
value of the adverse pressure gradient in the flow over the hump,
and this enhances separation.”? Therefore, at the same freestream
Reynolds number and hump length, the hump height that causes
separation is expected to decrease as the freestream Mach number
increases. When the flow separates, increasing the freestream Mach
number increases the length of the separation bubble by shifting
the separation location slightly upstream and shifting the reattach-
ment location considerably downstream (see Masad and Nayfeh??).
Such an increase in the size of the separation bubble due to com-
pressibility was noticed experimentally by Larson and Keating.??
Because the enhancement of separation has a destabilizing effect,
the growth rates of disturbances in the adverse pressure gradient re-
gions may increase as M., increases. However, an increase in M,
in the zero pressure gradient regions away from the hump has a
stabilizing effect. Reference 5 shows that the stabilizing effect of an
increased M, in the zero pressure gradient regions away from the
hump overcomes the destabilizing effect in the adverse pressure gra-
dient regions. Therefore, an increase in the freestream Mach number
in flow over a hump shifts the predicted transition location down-
stream. This result is consistent with the need of larger diameter
wires to trip the boundary layer as the Mach number increases (see,
for example, Coles?*).

To study the effect of the freestream Mach number on the re-
lationship between the locations of transition and separation, we
performed calculations similar to those carried out to produce the
results in Fig. 3, but at M, = 0.8. The freestream temperature was
fixed at 300 K and the Prandtl number was 0.72. The results of these
calculations are compared with the results at M, = 0in Fig. 6. The
hump height needed to cause incipient separation decreases as Mo,
increases from 0 to 0.8. Furthermore, the results in Fig. 6 clearly
demonstrate the stabilizing effect of an increased M. The curve
in Fig. 6 for M., = 0.8 has the same features as that for M, = 0,
expect that it is shifted above and to the right.

Results similar to those in Fig. 5 at M, = 0 were obtained for
M, = 0.8. Both sets of results as shown in Fig. 7. Figure 7 clearly
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Fig. 6 Variation of Rec, Reg, and predicted transition Reynolds num-
ber with freestream Reynolds number for A = 0.2 and fixed location of
hump.
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Fig.7 Variation of Rec, Reg, and predicted transition Reynolds num-
ber with freestream Reynolds number for A =0.2 and fixed unit Reynolds
number.

shows that an increase in M, from O to 0.8 creates a region where
the separation and transition locations are far apart. The reference
quantities Ao and Reg for the results in Fig. 7 are the same as those for
Fig. 5 (A\p = 0.2 and Rey = 2 x 10°).

E. Effect of Roughness Length

The effect of the length of a roughness element on flow instability
and transition location is usually overlooked. Although the experi-
mental correlations of Fage! and Carmichael®® account for the effect
of roughness length on transition location, the commonly used Re;
empirical correlation does not. The Re; (see Morkovin®®) is given
by

Rek =kUk/\) (11)

where k is the roughness height, Uy the mean flow velocity at the
height k in absence of the roughness, and v is the kinematic viscosity.
In the Re; criterion, it is assumed that the flow is transitional on the
roughness element itself when Re; exceeds a certain critical value.
In aircraft icing studies (see, for example, Hansman?’) the critical
value of Re; is taken to be 600. Fage and Preston® indicated that the
value is above 400 for the case of flow over a circular wire mounted
on a body of revolution. It is clear from Eq. (11) that except for
a circular wire the length of the roughness is not represented in
Re;. It was found by Masad and Iyer that the length of a roughness
element has a strong influence on inducing separation and triggering
transition. For the same hump height and flow conditions, short
humps induce separation and increase the size of the separation
bubble. Furthermore, short humps enhance instability and move the
transition location upstream. When the hump’s length is smaller
than a certain critical value (close to the value causing separation),
the upstream movement of transition location was found to slow
down considerably and the transition location saturates.

100 . Re

Fig.8 Variation of Rec, Reg, and predicted transition Reynolds num-
ber with freestream Reynolds number for M, = 0 and fixed location of
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Fig. 9 Variation of transition Reynolds number with most ampli-
fied frequency: —, correlation and o, direct calculations with incipient
separation.

To study the effect of hump length on the relationship between
the locations of separation and transition, we selected three hump
lengths: . = 0.1,0.2, and 0.4. Calculations were performed at
M,, = 0.8. The variation of the predicted transition location with
Re (which was varied by changing the unit Reynolds number) at
incipient separation was computed for all three hump lengths. The
results are shown in Fig. 8. Figure 8 clearly shows that a reduction
in the length of the hump causes zone I to shift considerably toward
higher values of Re and causes only a slight shift in zone III.

F. Relationship Between Transition Reynolds Number and the Most
Amplified Frequency

In all our performed calculations, the upstream movement of the
transition location was accompanied by an increase in the distur-
bance frequency that caused transition. This finding agrees with the
results in Ref. 5 for flow over a hump. It also agrees with the results of
the analytical correlation of Masad and Malik?**?® for subsonic flow
over a smooth flat plate with different velocity and thermal bound-
ary conditions. The analytical correlation®®?’ of the most amplified
frequency with the transition Reynolds number is given by

(Re,)y—o = 254T (12)
where
T = 1700 + [10%/(F x 10%)!%] (13)

Although this correlation was developed for flow over a smooth flat
plate, it agrees reasonably well with the present results for flow over
a hump at incipient separation (Fig. 9).

A possible extension of the present work is to correlate the mini-
mum height of the hump which causes transition at the end of the
hump with parameters such as the length of the hump, the freestream
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Reynolds number and the freestream Mach number. At the end of
the hump, the value of x is (1 + A/2). For specific values of A, Re,
and M, the transition Reynolds number at the end of the hump is

A
Re, = xRe = (1 + —2-) Re (14)

Using Eq. (14) in Eq. (12) and solving for F' we obtain

254 % 108 ]“‘9

6
Fox10"= [(1 ¥ 0.5 Re — 431800
The frequency F given by Eq. (15) is the frequency predicted to
cause transition at the end of the hump. It is possible to consider
various combinations of A and Re and compute F from Eq. (15) and
then search for the minimum height ~ which results in transition at
the end of the hump for a given M. Itis then possible to analytically
correlate the critical height # as a function of A, Re, and M. It
is also possible to analytically correlate the roughness height that
just causes incipient separation with A, Re, and M. By having
the two described correlations available, it would then become very
convenient to evaluate the validity of taking the separation location
as the transition location in the large parameter space.

IV.  Conclusions

The relationship between the locations of transition and separa-
tion in subsonic flow over a roughness element is studied. This study
evaluates the customary assumption that these two locations are the
same. This assumption is not valid at low unit Reynolds numbers
for short roughness elements and at high (subsonic) speeds. In ad-
dition, at high unit Reynolds numbers and locations far downstream
of the roughness element, the assumption is not valid because tran-
sition occurs before it reaches the roughness elements. However,
the assumption works fairly well in the intermediate range.
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