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Flow and Heat Transfer Measurements in a Pseudo-Shock
Region with Surface Cooling

Robert F. Cuffel* and Lloyd H. Backt
Jet Propulsion Lab., California Institute of Technology, Pasadena, Calif.

An experimental investigation was conducted to acquire information on the flow structure, mean flowfield,
and temperature distributions in a psendo-shock region in a supersonic diffuser with surface cooling. The Mach
number upstream was 2.9, and the wall to stagnation temperature ratio was 0.44. A Mach-disk-like shock wave
emanated from the thin separated flow region near the beginning of the compression region, and reattachment
occurred one diameter downstream so that the flow was not separated over most of the pseudo-shock region.
The flow compression was a shock-free, predominantly viscous process. Along the pseudo-shock region the
measured heat-transfer coefficient increased approximately as the 0.8 power of the measured wall static
pressure. The estimated wall shear stress increased downstream of flow attachment, but was still considerably

less than the upstream value.

Nomenclature
¢ =friction coefficient (c¢;/2) = (7, /p.u?)
cp =specific heat at constant pressure
D =diffuser diameter
h =heat transfer coefficient
H =enthalpy
M  =Machnumber
p =static pressure
D =total (stagnation) pressure
q, =wallheat flux
r =radial distance
r,  =diffuser radius
S =shock wave
St =Stanton number (h/p.u,)
T =static temperature
T, =total (staghation) temperature

T,* =dimensionless temperature,
(T,—T,)/(@w/pw/u.Cp,)

=velocity component parallel to wall

=dimensionless velocity, u/u,

= friction velocity (7., /p,, )

=distance normal to wall

=dimensionless normal distance (o, 4,y /i, )

=axial distance

=frictional heating parameter (uZ/2c, T,)

= heat transfer parameter (q,,/Twow4:C, )

=velocity boundary-layer thickness

=displacement thickness

=thermal boundary-layer thickness

=specific heat ratio

=momentum thickness

=viscosity

=density

=wall shear stress

=energy thickness

= stream function
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Subscripts
0 =in duct upstream of nozzle
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=upstream of pseudo-shock region at probe position 1
=at probe position 2

=atmospheric condition

=condition at edge of boundary layer

=stagnation condition )

=wall condition
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Introduction

UPERSONIC exhaust diffusers are frequently employed

in ground level tests of rocket engines' to reduce the
ambient pressures sufficiently below atmospheric pressure to
insure that flow separation will not occur in the nozzle. In this
mode of operation a strong compression process occurs in the
diffuser that has been referred to as pseudo-shock.? In the
pseudo-shock region vigorous turbulent momentum exchange
is believed to take place, but there is little quantitative ex-
perimental data on - the flowfield and temperature
distributions, especially with surface cooling. Recent pitot
pressure surveys and wall shear stress measurements in a con-
stant diameter duct®* with an essentially adiabatic wall have
revealed a multiple oblique shock wave pattern in the core
flow with boundary-layer separation occurring throughout
the compression region.

The present investigation was conducted using radial sur-
veys with various probes (i.e., pitot, static pressure, and ther-
mocouple probes) at a number of axial stations to provide in-
formation on the flow structure, mean flowfield, and tem-
perature distributions in a pseudo-shock region with surface
cooling. Information was obtained on the wall heat transfer
accompanying the compression process and on its relative
magnitude compared to single shock wave-turbulent boun-
dary-layer interactions. Heat-transfer rates are important in
establishing cooling requirements in diffusers and in inlets
and combustor regions of hypersonic vehicles, especially since
shock wave-turbulent boundary-layer interactions cause
higher heating rates to occur. The wall shear stress was also
estimated from the boundary-layer measurements obtained
with relatively small probes that extended into the viscous
sublayer upstream and within the pseudo-shock region.

Experimental Apparatus

The cooled system (Fig. 1) consisted of three sections: 1) a
short subsonic duct 12.7 cm in diameter and 1.4 diam long, 2)

. a supersonic nozzle with convergent and divergent half-angles

of 10° and a circular arc throat region with a 4.04 cm diam
throat, and 3) a diffuser with a relatively long second throat,
10.8 cm in diameter, and 11 diam long. Prior to entering this
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system, the air was compressed, heated, and accelerated;
forming a thin, tripped, velocity boundary layer at the duct
inlet. Prior to heating the air by the internal combustion of
methanol, the air mass flow rate was measured with an
orifice, and the methanol flow rate was measured with a
rotameter. The total gas flow rate was 1.18 kg/sec. Ther-
modynamic properties and flow variables were calculated for
the products of combustion, but transport properties were
calculated for air since the methanol-to-air mass flow rate was
only 3.1%.

The stagnation conditions, T,, =835°K and p,, = 6.55 atm,
were measured in the upstream cooled duct section. The pitot
tube and three thermocouples were spaced 90° apart cir-
cumferentially. The pitot tube was on the centerline, while the
thermocouples were 2.5 cm radially from it. A boundary-layer
survey indicated that the flow was turbulent.

The entire cooled system was instrumented with semilocal
circumferential coolant passages, and wall static pressure
taps. The measurements reported herein were made in the lat-
ter half of the constant diameter section of the diffuser where
the strong compression process referred to as a pseudo-shock
occurred. The diffuser throat section was composed of several
interchangeable sections and rings. The order of these was
changed to place the probe ring at various axial locations
without changing the length of the diffuser. The warm water
circulating in the coolant passages maintained the wall to total
gas temperature ratio T, /T, near 0.44 (see Table 1).

Probes

Radial surveys were made across the flow with a pitot, a
static pressure, and a thermocouple probe at the axial
locations shown in Fig. 2. The 0.11 cm o.d. pitot tube had a
flattened tip, either 0.013 or 0.015 ¢m high, with a 0.005 cm
high opening. The 0.10 cm o.d. aspirating thermocouple
probe had a flattened tip which was 0.025 cm high. The
0.051 c¢cm o.d. static pressure probe had 0.020 cm diam
holes on both sides at a distance of 15 probe diameters from
the blunted conical tip. These probes were inserted in a cooled
ring, 3.8 cm long, that was moved from one axial location to
another from test to test at the same operating condition. The
static pressure and thermocouple probes were located 45 ° cir-
cumferentially on either side of the pitot probe. With the
probes resting on the surface, the distance from the center of
the probes to the surface as well as their orientation relative to
the surface were determined visually using a 64-power
telescope with a lens scale.

The probes were moved normal to the surface by a
micrometer lead screw. The surface location was determined
by electrical contact, and the relative probe. location was
determined with a helipot. A differential pressure transducer
was used to measure the difference between the pitot pressure
and either a wall static pressure tap when the probe was near
the wall, or the atmospheric pressure for the remainder of the
traverse. A transducer was also used to measure pressure dif-
ferences between the static pressure probe and a wall static
pressure tap. For both probes, damped time fluctuations of
+ 1 cm of water were typical. The output signals of the trans-
ducers and thermocouple were plotted versus distance from
the surface at much finer increments than the points presented
herein.

CONTRACTION SECTION
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Fig.1 Test system schematic,
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Probe Measurements

Some comments are in order with regard to the accuracy of
the probe measurements. The pitot tube was inclined at an
angle of between 5° and 10° toward the wall to ensure that the
tip touched the wall. The effect of yaw on pitot tubes®®
should be negligible up to about 15°. The streamlines (Fig. 3)
deduced from the integrated probe measurements indicated
that this condition was not exceeded at any of the probe
locations. The interaction of the relatively weak oblique shock
wave at positions 1 and 2 (Fig. 2) with the pitot bow shock
should have influenced the pitot tube reading only at distances
less than one tip height from the oblique shock wave.’
Therefore, the pitot tube measurements (Fig. 4) were good in-
dicators of the shock wave at the positions indicated.

The static pressure probe was designed to allow the local
static pressure to recover to within about 2% of the local
static pressure upstream of the bow shock wave® for a
uniform flow. In the axial pressure gradient region good
agreement was observed between the extrapolation of the
probe measurements to the wall and the wall static pressure
measurements (solid points on Fig. 5) opposite the static
pressure holes on the probe, not its tip. This axial location for
the static pressure measurements was used across the flow.
Moreover, the static pressure probe is expected to be sensitive
to yaw, unlike the pitot probe. The streamlines in Fig. 3,
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wall (and therefore the probe) except at position 3 where the
flow inclination probably influenced the static pressure probe
readings to some degree. Although these streamlines were ob-
tained using the static pressure measurements, substantial
changes in the static pressures would be required to signifi-
cantly alter the flow angles indicated. Another check of the in-
ternal consistency of these measurements is the comparison of
the derived flow quantities, e.g., the total pressure, axially
along each of the streamlines. The variations observed along
streamlines using the internal static pressure measurements
are understandable, while taking the static pressure to be in-
variable across the flow at the wall walue. for example,
produces physically unacceptable variations. Therefore, these
measurements were considered to be sufficiently accurate for
the determination of the flowfield described herein.

Table 1 Values of «, 8, and St(c;/2)

Position zcm Ty /Th o 8 St/cp/2)
1 80.76 428 .00126 —.042 1.15
2 85.77 .436 .00026 -.061 3.8
3 91.46 416 — — —
4 106.85 445 .00006 —.090 9.2
5 121.95 .457 .00007 -.072 5.5

v/t

w

Fig. 7 Mach number profiles, y=1.4.

The weak oblique shock waves encountered at positions 1

" and 2 are expected to influence the static pressure readings

when the shock waves intersect the probe either anywhere up-
stream of the static holes, or within a few probe diameters
downstream thereof.® '® Because of this interference, a
gradual static pressure change (Fig. 5) was observed at each of
the shock locations instead of the more abrupt change in-
dicated with the pitot tube (Fig. 4). The total pressures (Fig. 6)
and Mach numbers (Fig. 7) obtained from both of these
measurements also indicate more gradual changes at these
shock locations than probably occurred.

The recovery factor for the temperature probe was deter-
mined by comparing its readings in the core flow region with
the measured upstream stagnation temperature (7,, =7;). An
average recovery factor of 0.92 was used throughout the flow,
even in subsonic regions since errors so introduced were
relatively small. The thermocouple readings were extrapolated
toward the wall to the location of the smaller pitot probe. The
temperature gradient at the wall determined from the wall
temperature and heat flux measurements was used as a guide
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for this extrapolation. Errors associated with the ex-
trapolation are expected to be small, especially for the velocity
distribution since it depends upon the square root of the static
temperature.

Wall Measurements

The cooled system was instrumented to measure the heat
flux, temperature, and static pressure along the wall.
Throughout the diffuser throat section, most of the cir-
cumferential coolant passages for the heat flux measurements
were 2.5 cm wide, although the small cooled rings contained
passages of other widths. The wall heat flux for each cir-
cumferential passage was determined from the measured
water mass flow rate, water temperature rise, and passage
gas-side surface area. Most of the passages contained water-
side wall thermocouples; when not measured, this tem-
perature was obtained from the average bulk water tem-
perature and the passage heat flux by using conventional heat-
transfer relations for channel flow. The gas-side surface tem-
perature T, was determined from the heat ‘conduction
equation. Heat transfer coefficients were obtained from

he v
(H,;—H,)

Wall static pressure taps (0.051 cm diam) were located be-
tween most of the coolant passages with alternate taps in lone
180° apart. To obtain more detail, a ring was constructed con-
taining numerous closely spaced wall static pressure taps that
spiraled around the circumference of the diffuser. This ring
was moved between tests to obtain data at several locations
along the diffuser. Differences between the wall static
pressure and atmospheric pressure were measured with trans-
ducers. Figure 2 indicates reasonably good test to test
agreement.

Results

The interpretation of the flowfield presented is based on an
understanding of the axial changes of quantities along the
streamlines (Fig. 3) obtained from the radial traverses across
the flow. The pitot (Fig. 4) and static (Fig. 5) pressure
readings locally were used to evaluate the total pressure (Fig.
6) and Mach number (Fig. 7). The local temperature (Fig. 8)
was obtained from the thermocouple readings based on the
recovery factor and the local Mach number. The velocity
profiles relative to the value at 6 are shown in the wall boun-
dary-layer region in Fig. 9. For completeness, the mass flux
- profiles that were integrated to obtain the streamlines in Fig. 3
are shown in Fig. 10.

The pseudo-shock region began just downstream of probe
position 1 as indicated by the continuous rise in both the wall
static pressure and heat-transfer coefficient shown in Fig. 2.
The oblique shock wave generated at the diffuser inlet un-
derwent multiple reflections from the centerline and the boun-
dary layer along the wall before terminating at the beginning
of the pseudo-shock region. In these upstream weak oblique
shock wave interactions, the wall static pressure and heat-
transfer increase at the shock impingement location, and sub-
sequently decrease in the acceleration region between the com-
pressive shocks as is required to maintain the mass balance for
the flow through the diffuser. The pitot tube traverses at
positions 1 and 2 determined the location of the shock reflec-
tion from the centerline. As mentioned previously, the static
pressure probe indicated a gradual change in static pressure
near the shock location at positions 1 and 2 (Fig. 5) and also
indicated that the effect of this oblique shock may have con-
tinued to position 3 near y/r,, = 0.26 (also see Fig. 2) where
rapid changes in boundary-layer development and nearly
sonic Mach numbers prevented detection with the pitot tube.

The flow was divided into boundary layer and core flow
regions at the radial maximum of the total pressure & (see Fig.
6). The variation of the boundary-layer thickness & so ob-
tained in the pseudo shock region is shown in Fig. 2 by the

PSEUDO-SHOCK REGION WITH SURFACE COOLING 1719

1.0 T T Ooodfgnowowwwm—
0° a2 A
®,° o @ Lo T T
— r o DA\?&
- Ooo 5° @pf\%vb% 52 S.I
} & :\DDD“ e a
g o
5 0.8 o vyl .
o 20NN
E I -®
W ot @
R ]
2 P (@ SEPARATED
&
2 0.6 4
H
o
b
[¢]
o L
“.w/.r” 0.44 CENTERLINE\
0.4 ! s L S i L
0 0.2 0.4 0.6 0.8 1.0
v/,

. —
°
2
N
§ ue,m/s
- 1029
= 1021 )
E 920
§ 809
S 664 1
CENTERLINE §
I 1 \
0.8 1.0
2.5 i T T v T —
i
L RN N a
E 2,0 A%m z GVA‘?
3 AAAVV DDDDD bbbb‘fvbbpbbbb@
N v
o l5F s v " o @
= 52 v, ° a v
= WALL v
< P > v
s BB TR 000000000070 @ o @ "
X 0k o o p” B 8 o o o o Coga
& Qnggj Y9>VD ueeéu
n alv o
g D>Z:Avv 52 T %0660
. 0.5 o P f S © 0
o0 BT et VQ\V‘ 1
ov 974 CENTERLINE—|
A
ol o 1 - S 1 " L .
0 0.2 0.4 0.6 0.8 1.0

Fig. 10 Mass flux profiles.

dashed line. The thermal boundary-layer thickness A (Fig. 8)
is seen to be larger than 6 at all probe locations (compare Fig.
9 with Fig. 8).

At probe position 1 the boundary layer was determined to
be turbulent by its structure in the wall region as discussed
subsequently. By terminating the boundary-layer integrations
at 6, the upstream momentum, displacement, and energy
thicknesses were ¢; =0.11 ¢m, 6] =0.40 c¢m, and ¢; =0.17
cm, respectively. At the edge of the velocity boundary layer
6; =1.88 cm, the Mach number was 2.92, the unit Reynolds
number p,u, /n, was 88,700 cm™, and the total pressure was
4.56 atm. The static pressure increased slightly in the outer
portion of the boundary layer (Fig. 5) and was fairly constant
in the core flow region except for the smeared change across
the weak oblique shock. In spite of the large change in the
total pressure radially across the core flow (Fig. 6) the Mach
number varied only between 2.9 and 2.6 (Fig. 7).

_Probe position 2 was in the pseudo-shock region as in-
dicated by the static pressure increase along the wall up-
stream. This pressure rise over that at position 1 originated
near the wall and progressively extended into the flow (Fig. 5)
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causing a thickening of the boundary layer. With the
streamlines remaining reasonably parallel to the wall (note
agreement of the mass flux distributions in Fig. 10), the flow
through the bulk of the boundary layer was decelerated,
thereby causing a decrease in the Mach number, total
pressure, and velocity. The streamlines were obtained by in-
tegrating the axial mass flux distribution radially outward
from the centerline

’

V= Sa ourdr

and then normalized by the measured flow through the dif-
fuser. The core flow region at probe position 2 apparently had
not been affected by the onset of the pseudo-shock region.
The oblique shock reflected off the centerline, slightly drop-
ping the total pressure in the core flow, causing a noticeable
increase in static pressure, and resulting in a decrease in Mach
number.

The measurements at probe position 3 revealed an extensive
subsonic region in the center of the core flow (Fig. 7), thus in-
dicating that a strong shock wave was located between probe
positions 2 and 3. A reasonable estimate was made of the
location of this shock which was normal to the flow at the
centerline (Fig. 2) by extrapolation of downstream and up-
stream conditions (Mach number and static and pitot
pressures). The measurements at probe position 3 also
revealed a separated flow region near the wall (Fig. 9). The
beginning of the separated flow region was established by
bleeding a small amount of ammonia gas through the wall
static pressure taps and observing the embedded flow patterns
in a thin film of ammonia-sensitive Diazo paint on the sur-
face. The compressive turning of the flow radially inward
beyond the separated flow region generated the Mach-disk-
like shock wave near the centerline. This turning of the flow is
evident in Fig. 3 where the streamlines are shown. The
estimated wall shear stress rapidly decreased and extrapolated
to zero at the separation location. Aside from the weak
oblique shock wave that may have penetrated through the
strong shock to probe position 3, there was no evidence of
other shock waves in the flow at probe position 3, nor at sub-
sequent downstream probe locations 4 and 5.

The static pressure between probe positions 2 and 3 in-
creased substantially all across the flow (Fig. 5). The
streamlines indicated that the flow was displaced to some ex-
tent by the separation region toward the centerline (Fig. 3).
The gas located radially beyond the separated flow region,
being shielded from the cooled wall by the separation region
itself, was heated by the higher total temperature outer gas
flow (Fig. 8). The bulk of the drop in total temperature be-
tween probe positions 2 and 3 at a given radial location was
the result of the displacement of streamlines, and not due to a
change in total temperature along streamlines. The thickness
of the separation region at probe position 3 was relatively
small, being about 4% of the diffuser radius r,. Flow reat-
tachment, determined by the previously mentioned
visualization technique, occurred downstream of probe
position 3 as indicated in Fig. 2. The axial extent of the
separation region was one diffuser diameter.

The subsonic flow region downstream of the normal shock
disappeared as the core flow accelerated to supersonic speeds.
The divergent outer edge of the viscous slipstream extended
into the boundary layer, forming a totally viscous flow in the
vicinity of probe position 4.

Analysis of the measurements (see Figs. 4-8 and 10)
revealed that as the flow progressed from probe position 3 to
position 5 the radial variations across the flow decreased, and
the static pressure increased along the streamlines. The total
pressure, however, increased along the convergent streamlines
in the core flow region near the centerline and throughout
most of the subsonic flow region near the wall (Fig. 6). In the
large annular region between the core flow and wall region the
total pressure decreased along the divergent streamlines be-
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tween probe positions 3 and 5. Correspondingly, the Mach
number (Fig. 7) and mass flux (Fig. 10) increased in the core
flow and wall regions with axial distance, while they
decreased in the annular region. Near the wall, the radial total
temperature gradients were much larger at probe positions 4
and 5 than at positions 1 and 2 (Fig. 8).

The attached boundary-layer profiles are shown in Figs. 11
and 12 in terms of u*, T}t and y *. The wall shear stress in
terms of the friction velocity u, = (7, /p,)”* was determined
to provide a reasonable fit of the data to the von Karman
reference curve in the viscous sublayer. At probe position 2,
better agreement was found with the laminar sublayer relation
ut =y which was used instead. Large wake components are
evident in the adverse pressure gradient region at probe
positions 2, 4, and 5, while at the upstream position 1, the
data lie above the von Karman curve beyond the viscous
sublayer similar to that observed previously with wall
cooling. "> 12 Values of the heat-transfer parameter 8 and fric-
tional heating parameter !> « are tabulated in Table 1.

The temperature profiles shown in Fig. 12 indicate a large
difference between the data in the adverse pressure gradient
region at probe positions 2, 4, and 5 and at the upstream
position 1. Upstream, the data beyond the viscous sublayer lie
above the von Karman profile shown as a reference curve,
while downstream, the temperature profiles were well below
the von Karman profile. This latter trend has also been ob-
served .in low speed, essentially constant property turbulent
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boundary layers in adverse pressure gradient regions.'* Since
the thermal resistance is proportional to T, * at the edge of
the layer, the profiles in the adverse pressure gradient region
indicated lower thermal resistances and thus higher heat trans-
fer than inferred from the von Karman form of Reynolds
analogy, as well as other forms such as the Colburn relation.
Values of the Stanton number-friction coefficient - group
St/(c;/2) were relatively large in the pseudo-shock region
(Table 1). Of note is that the maximum values of 7, * in the
flow were 2 to 4% greater than the values shown in Fig. 12
furthest from the wall.

The measured heat-transfer coefficient in the pseudo-shock
region increased by a factor of 2.6 (Fig. 2) over the upstream
value. In the region of the upstream weak oblique shock wave
reflection the rise was much less. The heat-transfer coefficient
ratio in the pseudo-shock region varied approximately as the
0.8 power of the wall static pressure ratio over most of the
pseudo-shock region (Fig. 13). This power law dependence is
essentially the same as for single shock wave-turbulent boun-
dary-layer interactions (e.g., see Ref. 14) as also was the case
for the upstream single wave interaction herein.

In the pseudo-shock region after reattachment, the
estimated wall shear stress increased, but was still con-
siderably less than the upstream value (Fig. 2). The empirical
correlation of the wall pressure rise given in Ref. 3 for an
adiabatic wall and flow separation along the entire wall un-
derestimates the measured pressure rise with wall cooling
(Fig. 2) downstream of reattachment as one might expect
because of the different flow structure. In this connection it
should be noted that wall measurements (but not internal flow
measurements) were made at a stagnation pressure of
P =6.82 atm both with a small amount of surface heating
(T, /T,y =1.06) and with surface cooling (7, /T,, =0.46). For
the set of measurements shown in Figure 14, the cooled rings
had been removed so that the diffuser throat was 9.9 throat
diameters long. The various features of these profiles are
similar to that shown in Fig. 2 for which internal flow
measurements were made at a slightly lower stagnation
pressure. All three wall static pressure distributions indicate a
slight increase in slope at p/p,, =0.07 (p/p, =3.5 on Fig. 2)
where the measured flow with wall cooling reattached. Fur-
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thermore, this behavior is not typical of the correlation by
Waltrup and Billig? for flows which remained separated
along the entire diffusers with adiabatic walls. Therefore, it is
believed that the flows investigated herein separated and reat-
tached in the pseudo-shock region for the slight heating case
as well as for the wall cooling case. The thermal condition of
the wall, however, did change the length of the pseudo-shock
region slightly, as evident in Fig. 14.

Summary

The present measurements have revealed the complex
flowfield in a pseudo-shock region with surface cooling. This
strong compression in the supersonic diffuser was
predominantly a viscous process. Only one Mach-disk-like
shock wave emanated from the beginning of the embedded
separated flow region near the start of the pseudo-shock
region. The boundary layer reattached one diam downstream,
so that over most of the pseudo-shock region the flow was not
separated. The thick subsonic flow region formed in the
separation process continued to grow downstream. The flow
accelerated in regions along the wall and near the centerline.
The latter resulted in the disappearance of the embedded sub-
sonic flow region downstream of the Mach-disk-like shock.
The bulk of the flow, however, decelerated in an annular
region between these two accelerating flow regions. Except in
a small region very close to the wall where shear stresses and
heat transfer predominate, radial gradients diminished along
the flow.

The wall static pressure increase along the flow originated
near the wall and extended into the flow. The compressive
turning of the flow radially inward in the beginning of the
pressure rise region where the flow separated generated the
Mach-disk-like shock wave near the centerline. An empirical
correlation® of the wall pressure rise for adiabatic flows that
remained separated underestimated the data with wall cooling
downstream of reattachment. From our wall measurements
made with a small amount of surface heating, it was inferred
that there was no significant difference in the flow structure
with and without surface cooling, i.e., flow reattachment oc-
curred downstream of separation in the system.

In the separated and reattached flow regions, the heat-
transfer coefficient varied approximately as the 0.8 power of
the wall static pressure. In the reattached region the von Kar-
man form of Reynolds analogy or the Colburn relation con-
siderably underestimated the heat-transfer-friction relation-
ship as one might expect because of the adverse pressure
gradient and flow redevelopment. In the reattachment region
the estimated wall shear stress increased, but was still con-
siderably less than upstream of flow separation.
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