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An experimental and analytical investigation of heat transfer in an acceleration induced
transitional flow regime is presented. A previously developed criterion for the onset of reverse
tronsition of turbulent boundary layers is combined with a theory of forward transition to de-
rive the effect of free-stream turbulence intensity on the critical value of an acceleration
porameter for two initial velocity profiles within the turbulent boundary layer. The results are
consistent with experimental observations.

Local heat transfer measurements were obtained along converging walls of rectangular flow
channels having convergence angles of 45, 60, and 70 deg. Free-stream turbulence (1.6 to 11%)
was induced by grids upstream of the start of convergence, and the local Reynolds number
were varied by variation in channel size and stagnation pressures (200 to 500 Ib./sq.in. abs.)
at a gas stagnation temperature of 1,500°R.

The results indicate a two-stage reverse transition process along the converging wall with o
forward transition between the two stages of reverse tranmsition. The local Nusselt numbers ob-
tained over a wide range of an acceleration parameter are correlated with the local Reynolds
number, the acceleration parameter at the start of convergence, and the local flow area con-
traction ratio. The correlation is in the form of laminarization paths having negative slopes for
(NNw+r/(Np)O4 vs, (NRe)r at common area ratios. Local values of free-stream turbulence in-
tensity are required for proper application of the reverse transition criterion in conjunction with

the heat transfer correlation presented.

Considerable experimental and analytical efforts have
been expended for proper prediction of convective heat
transfer coefficients in rapidly accelerating flows. A fair
degree of success prevails if the boundary layer is either
turbulent (1, 2) or laminar (3). However, recent investi-
gations at high rates of acceleration indicate that the
boundary layer may be turbulent at the start of con-
vergence but reverts to a transitional or near laminar state
toward the sonic point (4, 5), The process of reverse
transition is seldom complete; that is, truly laminar heat
transfer levels are seldom realized.

For the transitional flow regime (between the turbulent
and laminar with characteristics of neither), the velocity
profile within the boundary layer and its associated shear
stress relation cannot be described in a universal manner.
Therefore, predictions of heat transfer coefficients for this
flow regime are lacking, so that emphasis has to be placed
on experimental or visual observations.

The observed reduction in rocket nozzle heat transfer
below that typical of a turbulent boundary layer (through
the process of reverse transition) provides a strong motive
to seek a method by which the phenomenon of reverse
transition can be incorporated into design criteria. Two
basic problems are involved: prediction of the onset of
reverse transition (or laminarization) of a turbulent
boundary layer, and estimation of heat transfer coeffi-
cients in the transitional flow regime.

Several basic experimental investigations of accelera-
tion induced reverse transition of turbulent boundary
layers have been reported (6 to 9). However, the bound-
ary layers investigated were developed on straight, non-
converging, side plates with the stream-by-stream pres-
sure gradient being controlled by adjustments of an op-
posite converging wall. Such data are hardly applicable
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for the design of converging walls. This is well reflected
by comparisons of the effect of hot gas acceleration rate
on film cooling effectiveness on nonconverging and con-
verging walls, For the former (10), the film cooling ef-
fectiveness along a straight, nonconverging wall was
miidiy aftected by the convergence angle of the opposing
wall. However, recent investigations of film cooling along
converging walls (11) indicate a drastic effect of con-
vergence angle on film cooling effectiveness leading to a
different type of correlation. A similar trend without film
cooling may certainly be expected. Therefore, the design
of converging walls calls for data obtained on converging
walls,

To the degree that such data are available (5, 12),
they are restricted to relatively large axisymmetric noz-
zles at relatively low stagnation pressures (30 to 250 Ib./
sq.in.abs.). Furthermore, the experimental conditions in-
volved were unrealistically ideal; that is, the effects of
free-stream turbulence at the start of convergence were
eliminated by separating the combustion chamber from
the test section with a large calming section in between.
In compact combustion chambers, where steep conver-
gence angles are desirable, an offsetting effect of com-
bustion induced turbulence on the onset of reverse transi-
tion may be expected to prevail at least during the early
part of convergence.

Another complicating factor is the diversification in the
effect of pressure gradient (for example, convergence
angle) on heat transfer (2, 4). At the lower Reynolds
numbers range, an increase in pressure gradient tends to
suppress the heat transfer rate through the phenomenon
of complete or partial laminarization, while at the higher
Reynolds number range an increase in heat transfer rate
is thereby realized (13, 14). In between is a range of
Reynolds numbers where the pressure gradient has no
effect on heat transfer (15). The exact specifications of
these ranges of Reynolds numbers require experimental
and analytical consideration of simultaneous effects of
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free-stream turbulence, mass velocity, and pressure gra-
dient. _

It was against this background that the present in-
vestigation was undertaken. Its main objective was to
generate transitional heat transfer data for plane con-
verging walls in presence of free-stream turbulence at the
start of convergence. However, to make such data useful
for design purposes, the designer has to ensure the on-
set of reverse transition. To this end, a previously de-
veloped criterion for the onset of reverse transition was
extended to include the offsetting effect of the local free-
stream turbulence.

ANALYTICAL CONSIDERATIONS

The analytical treatment of heat transfer from a tran-
sitional boundary layer with variable free-stream velocity
and wall temperature has met little success. The usual
procedure for solving the integral momentum equation
involves two prerequisites: a relation between the wall
shear stress and one (or more) of the local integral param-
eters, and a relation between shear stress and heat trans-
fer. Neither relation can be universally described for a
transitional boundary layer.

The other approach of solving the energy equation
directly is somewhat more attractive in this case as it in-
volves just one prerequisite, that is, a relatipn between
the surface heat flux and the energy thickness of the
boundary layer. This approach was followed by Ambrok
(16) to obtain a generalized solution for the local Nus-
selt number along a wall with longitudinally varying tem-
perature and free-stream velocity.

Ambrok’s solution (I6) may be applied for calcula-
tions of laminar, transitional, and turbulent boundary
layers provided that an expression of the form (Ny.), =
C(Nge)" for a flat plate at constant temperature with-
out acceleration is known for the corresponding flow
regime. Such information is seldom available for a transi-
tional boundary layer. Indeed, to develop a solution for
an accelerated transitional boundary layer with variable
wall temperature, Ambrok had to conduct a separate ex-
perimental investigation of heat transfer in the transi-
tional regime along an isothermal flat plate without ac-
celeration.

Another drawback of the method is the implicit as-
sumption that C and n are not affected by acceleration
and variable wall temperature. This is not fully supported
by experimental data. For example, Ambrok’s experimen-
tal results for a nonaccelerated transitional boundary
layer along an isothermal plate indicate that C = 0.188
and n = 0.6 for (Nge): < 2(10%) and C = 0.000386
and n = 1.11 for (Ng.) > 2(10%). However, recent re-
sults (11) for accelerated flow along a wall at a conver-
gence angle of 60° with free-stream turbulence intensities
of 6.4 to 10% at the start of convergence indicate C =
0.330 and n = 0.6 for (Nge)r < 4(10°) and C =
0.00118 and n = 1.04 for (Nge), > 4(10°%). While the
values of n are consistent, their range of applicability is
different, and the values of C are markedly apart. Thus,
to develop a solution or a design correlation for heat
transfer to converging walls in the transitional laminarized
flow regime, there seems to be no escape from experi-
ments under the actual or simulated conditions of ac-
celeration, free-stream turbulence, and wall cooling.

While the analytical treatment of heat transfer in the
transitional, boundary-layer, flow regime is rather limited,
improved analytical success has been encountered in pre-
dicting the onset of reverse transition of a turbulent
boundary layer (2). This is further developed and dis-
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cussed herein.

ONSET OF REVERSE TRANSITION

A criterion for the onset of reverse transition of a com-
pressible turbulent boundary layer on an infinite wall has
been derived (2) from the integral momentum equation
written in terms of a modified Stewartson coordinate sys-
tem (17). A one-seventh power velocity profile is as-
sumed at the start of reverse transition, and the associated
shear stress relation is substituted in the momentum
equation. On the basis of the contention that the factors
delaying forward transition also affect reverse transition,
it is assumed (2) that the onset of reverse transition will
occur when the momentum thickness Reynolds number is
reduced (by acceleration) to the same critical value of
360 commonly used for transition in the forward direc-
tion, With the further requirement of a negative momen-
tum thickness gradient, the onset of reverse transition is
shown to occur when an acceleration parameter K, (de-
fined below) exceeds a critical value of 2.48(10-6); that
is

Yo Ue _
K,z(Ue2 )-)?->2.48(10 6) (1)
where
U= To u
e — Te e
x T
X = Prir —dx
0 Po Ko T,

Transforming to conventional coordinates and expressing
K, in terms of the local pressure-ratio gradient, Reynolds
number, and Mach number, we get

(Po/P) [ d d(P./P,) ] ( T, )2"'
‘Y(NRe)rNgMa " dx T,

[4+2NM,,(7—- 1)
4+3NM¢1(7— 1)

Equation (2) is in good agreement with the experimen-
tal observations of Launder (6) and Moretti and Kays
(7). However, it does not reflect the offsetting effect of the
free-stream turbulence on the onset of reverse transition.
This results from the use of a unique value for the criti-
cal, momentum thickness, Reynolds number. Actually, the
latter is a function of the free-stream turbulence intensity
and should be introduced as such into the original deriva-
tion (2). In this manner, allowance can be made for the
effect of free-stream turbulence on the onset of reverse
transition of a turbulent boundary layer.

Generalizing the reverse transition criterion in terms
of a variable (Nge)g.e.c, we have

0.0039
K, >— (3)

(NRe)os,/efc

for which (Ng.)s.. = 360 is a special case leading to
Equations (1) and (2). '

To describe (Nge)oe. as a function of free-stream
turbulence intensity, a theory of boundary-layer transition
is required which includes the combined effect of free-
stream turbulence and pressure gradient on (Nge)eeo A
suitable theory is that of Van Driest and Blumer (18).
It is in good agreement with experimental results (18,
19) and has also been successfully used for determination
of free-stream turbulence intensities from transitional heat

transfer measurements (20).
Accordingly (18), the relation between the critical,

] > 2.48(107%) (2)
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Fig. 1. Effect of free-stream turbulence and pressure gradient on for-
ward transition of a laminar boundary layer (5).

velocity thickness, Reynolds number (for forward transi-
tion), the free-stream turbulence intensity, and the pres-
sure gradient is of the form

9,860
(NRe ) d.e,c

where

=1 —0.0485 A + 3.36 (NRe)s.ec (U/ue)> (4)

A = Pohlhausen parameter = (— 8/uu,) (dP/dx)

For a laminar boundary layer (at the onset of transition),
(8/0) = 7.53 (21). Substitution in Equation (4) with
the notation

A= (Nge)%.e (I‘-e/Peuez) (duc/dx)=(Nge)%.e Z
yields
1,310

————— =1 — 2.75 (Nge)2,e.c Z
(NRe)v,e,c ( " b

+ 25.3 (NRre)oec(u/ue)®  (3)

Equation (5) was solved for (Nge)oee vs. (u'/ue) at
various values of Z (Figure 1). As shown, the condition
(Nge)oe,e = 360 corresponds to free-stream turbulence
intensities on the order of 2% ; that is, the reverse transi-
tion criterion (2) represented by Equation (1) or (2) is
restricted to free-stream turbulence intensities (or turbu-
lence intensities at the edge of the boundary layer) on
the order of 2% . To obtain a reverse transition criterion
over a wide range of turbulence levels, the results of
Figure 1 were substituted in Equation (3), and critical
values of the acceleration parameter K, were calculated
as a function of (w'/u,). For (w'/u,) 100 = 3, the criti-
cal, momentum thickness, Reynolds number is independ-
ent of Z (Figure 1), so that K, could be solved uniquely
in terms of the free-stream turbulence intensity. For
(' /u,) 100 < 3, where (Nge)oe.c is also a function of
Z, the adopted values of K, from Equation (3) were
those satisfying the condition K,. ~ Z at a given free-
stream turbulence intensity. The results are represented
by the upper curve in Figure 2 corresponding to a one-
seventh power velocity profile at the onset of reverse tran-
sition.

Accordingly (Figure 2), the free-stream turbulence has
a drastic offsetting effect on the onset of reverse transition
of a turbulent boundary layer. While acceleration param-
eters lower than 1(107%) will induce reverse transition
at free-stream turbulence levels less than 1.1%, they
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have to be as high as 4.4 (1076) at free-stream turbulence
levels on the order of 39. Therefore, a fast decay of
free-stream turbulence, prior to or during the early stage
of convergence, should be highly favorable for the onset
of an acceleration induced laminarization of a turbulent
boundary layer.

Also shown in Figure 2 are similar results for a lower
power initial velocity profile. This curve was generated
through a further generalized form of Equation (3); that
is

[+ 4

K,> (6)

(2 + H) (Nre) b

where the shape factor H and the constants « and 8 of
the shear stress relation depend on the velocity profile
within the boundary layer at the onset of reverse transi-
tion. For a one-seventh power profile « = 0.0128, 8 =
Y and H = 1.286. Substitution in Equation (6) yields
Equation (3). For a one-eleventh power profile (22),
« = 0.00855, 8 = 1/6, and H = 1 + (2/11) = 1.18
(21, 22). Substitution in Equation (6) yields
K, > 0.00206 (1)
(Nre) s
which upon combination with Equation (5) (or Figure
1) leads to the lower curve presented in Figure 2. Ac-
cordingly (Figure 2), the effect of the initial velocity
profile on the onset of reverse transition is minor relative
to that of the free-stream turbulence intensity, particu-
larly at the lower turbulence levels.

It should be noted that the acceleration parameter K,
in Equations (1) to (3), (6), and (7) and in Figure 2
is for a plane accelerating flow. For an axisymmetric ac-
celerating flow, an additional term is required in the origi-
nal integral momentum equation, and by following the
same procedure which leads to Equation (3), we obtain

X _[( Vo )dUe +0304( Yo )dR]
T U2/ dX ) U.R / dX

0.0039
> —_—

(N Re)fzgc
for which (dR/dX) = 0O or R~ o is a special case lead-
ing to Equation (3).

According to Equation (8), the axisymmetric accelera-
tion parameter consists of two terms of opposite signs
when applied to the converging section of an axisym-
metric nozzle; that is, axisymmetry has an offsetting effect
on the plane acceleration parameter. However, the transi-
tional Reynolds numbers (Nge)o,.c for the axially sym-
metrical flow are higher than those for the plane flow
(18), so that an axisymmetric analogue of Equation (4)
has to be employed in conjunction with Equation (8) to
derive a comp]ete reverse transition criterion for an axi-
symmetric accelerating flow similar to that presented in
Figure 2 for a plane accelerating flow. However, the
curves of Figure 2 should serve as good approximation
for axisymmetric flow in large diameter nozzles (R - ).

The results presented in Figure 2 appear consistent
with recent experimental results. For example, Schraub
(8) used a tracer technique to count the frequency at
which turbulence bursts leave the wall at various rates of
free-stream acceleration. The burst frequency was found
to decrease continuously with increased values of the
parameter Z = (v./u.2) (du./dx). The free-stream tur-
bulence intensities at the start of convergence were re-
portedly below 19, and for this condition a decrease in
bursting was observed to start when Z > 0.5 (1079).

(8)
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Fig. 2. Effect of free-stream turbulence on the onset of reverse
transition of a turbulent boundary layer,

According to Figure 2, this should have been the case;
that is, a critical value of 0.5(107%) has to be exceeded
when the free-stream turbulence intensity is approxi-
mately 0.85%.

As the acceleration parameter increased (8), the tur-
bulence bursting frequency decreased to a minimum of
nearly zero for Z > 3.5(107%). The decrease in bursting
was almost linear with Z, revealing a rather rapid re-
sponse of the boundary layer to local changes in Z. How-
ever, a certain delay or lag was evident in the effect of Z
on the burst frequency, particularly towards the end of
the laminarization process. For example (8), the point at
which Z reached a maximum value of 3.5(107%) was ap-
proximately 6 in. upstream of the point at which the burst
frequency was at its minimum. This seems reasonable, as
the average turbulence at any point in the boundary layer
is affected by conditions upstream of the point considered.
However, while a lag exists in realizing the full potential
of the reverse transition (or laminarization) phenomenon,
there seems to be no significant lag in the onset of reverse
transition as soon as the acceleration parameter exceeds
its critical value. This simplifies the use of Figure 2 for
predicting the onset of reverse transition of a turbulent
boundary layer. However, to realize the full potential of
laminarization in actual design applications, allowance has
to be made for a lag between the point at which the
critical value of the acceleration parameter was exceeded
and the point at which the corresponding potential of
heat transfer reduction is fully realized. This will be re-
flected by the correlation of experimental results to be
presented herein.

APPARATUS AND PROCEDURES

Test Sections

Rectangular flow channels were designed to provide a
wide variation in the acceleration parameter K,. This was
accomplished by variation in wall convergence angle (45,

Yol. 16, No. 3

AIChE Journal

60, and 70 deg.) and overall flow area contraction ratio
(17.5 to 58.0). Further variation of K, for a given test
section was accomplished by variation in the operating
stagnation pressure (200 to 500 Ib./sq.in.abs.). Thus, K,
varied from 1.15(107¢) to 8.2(10~%),

All test sections consisted of an instrumented converg-
ing wall opposite to an adjustable nonconverging plate
(Figure 3). The channel size and contraction ratio were
varied by positioning the nonconverging plate at various
heights above the converging wall. The channels were %
in. wide in all cases.

With the inlet height of the channel being on the order
of 2.5 in. and the throat height being in the range of
0.043 to 0.152, a constant chanel width of 14 in. cor-
responded to an inlet aspect ratio of 1/5 and a throat
aspect ratio of 3.3 to 12.5.The relatively low aspect ratio
at the inlet is not believed to have compromised the heat
transfer results along the converging wall because of the
flow separation at the start of steep convergence due to
the sharp turning of the flow (12).

All converging walls had the same radius of curvature
at the throat (Figure 3). The 70-deg. ramp also had the
same radius of curvature at the start of convergence. Each
converging wall consisted of a 0.011 in. thick stainless
steel sheet bent around the corners of grooved, aluminum
ramp pieces. The 1/16 in. deep by 3/8 in. wide grooves
in the ramp pieces provided routing space for thermo-
couples, which were fastened to the back side of the
calorimeter sheet. Thermocouple spacing was 3% in. for
the 45-deg. ramp, %4 in. for the 60-deg. ramp, and % in.
for the 70-deg. ramp, starting in each case one-half space
downstream of the start of convergence. Twelve, fourteen,
and fifteen thermocouples were installed in the 45-, 60-,
and 70-deg. ramps, respectively. Each test section was
bolted to an adapter flange housing a turbulence induc-
ing grid. Bypass orifices upstream of the turbulence grid
controlled the stagnation pressure within the test section.

Instrumentation

Premium grade, Chromel-Alumel, 0.005-in. diameter
thermocouple wire was used to measure gas and converg-
ing wall temperatures. The time transient outputs from
inlet gas and wall temperature thermocouples were
gathered by a Beckman 210 digital data acquisition sys-
tem in conjunction with a magnetic tape recording facil-
ity. The temperature data from each of fifty channels
could be sampled every 0.0117 sec. and recorded in digi-
tal form with an accuracy of approximately one part
in 4,000,

Wiancko pressure transducers, calibrated by using
Heise gauges, were used to monitor and record test sec-
tion and flow facility pressures before and during the tests.
The pressures were recorded on continuous strip charts
by using Honeywell-Brown recorders operating at ¥ in./
sec. chart speed and having 1% % full-scale calibation ac-
curacy.

Hot-Gas Facility

The hot-gas facility used for this study was capable of
supplying gaseous nitrogen at flow rates up to 3.5 1b./
sec., temperatures up to 1,100°F., and pressures up to
1,000 Ib./sq.in. gauge for a time duration of 4 sec. Lower
flow rates allowed correspondingly longer flow durations.

The facility consisted of a pressure regulated, ambient
temperature nitrogen supply and an electrically heated,
pebble bed type of regenerative heat exchanger. A 2-in.
diameter, double burst diaphragm acted as a hot-gas
valve at the outlet of the heat exchanger. This valve had
an effective opening time of 1 msec. A 1 ft.-long, 2-in.
pipe spool at the outlet of the hot-gas valve adapted the
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various test sections employed.

The mass flow rate of the gas was controlled by the
main pressure regulator in conjunction with flow bypass
orifices. Flow rates were calculated from measured gas
pressures and temperatures and known exit throat areas.

Turbulence Grids

Turbulence grids were designed (II) to induce tur-
bulence intensities of 11, 7, and 1.75% at the start of a
45-deg convergence. The grids were at a fixed position,
and as the convergence angle of the test section was in-
creased, the distance between the grid and the start of
convergence increased. This resulted in a slight decay of
turbulence intensity at the start of convergence as the
convergence angle was increased, for example, from 11
to 10, 7.0 to 6.4, and 1.75 to 1.6 as the convergence angle
was increased from 45 to 70 deg.

Dato Reduction

Digitized temperature data, which were available in
analogue form on brush recording charts, were examined
to determine proper time slices for determination of heat
transfer coeflicients and adiabatic (steady state) wall
temperatures. The digitized data for the chosen time
slices were processed for each run by using an unpack-
ing and temperature scaling program to obtain the tem-
perature values. On the average, twenty data slices were
taken per run.

Initial values of heat transfer coefficients were evalu-
ated through an elementary heat balance between the
gas and the wall, neglecting conduction and radiation
heat losses and assuming a thermally thin wall; that is

h(Taw - Tw) = pw Cp,wf (d Tw/d0) (9)

where Ty, is the measured (corrected) steady state wall
temperature and T, is a measured wall temperature at
time ¢. Integrating over a time period # for which h can
be taken as constant and solving for h, we get

_ Pw Cp,wf ln[ Tow — Two ]
é Taw - Tw,l

where the time increment # has to be long enough to
meet the assumption of a thermally thin wall and yet
short enough to stay within the heating period and meet
the assumption of constant h; that is, variable heating
rates require variable time increments. Upon considera-
tion of these requirements, a procedure was worked out
whereby the first half second of the run was used for all
thermocouples at the high stagnation pressures (400 to
500 1b./sq.in.abs.) and also for the thermocouples in the
throat region (stations 9 and above) at the medium and
low pressures (300 and 200 lb./sq.in.abs., respectively).
For the thermocouples at the early part of convergence
(stations 1 through 8), the first 1 sec. of the run was
used at the medium and low stagnation pressures. This
procedure provided comparable precision limits for A on
a station-to-station basis. Smaller time increments had a
minor effect on the resulting heat transfer coeflicients.

The heat transfer coefficients thus calculated were sub-
sequently used for lateral-conduction error analysis by
using the fin-conduction equation. The correction was on
the order of 10 deg. for a measured wall temperature of
920°F., and the corrected adiabatic wall temperature
was in excellent agreement with the recovery temperature
derived from the measured gas temperature. Axial con-
duction and thermal radiation were also checked and
found negligible.

h (10)

Data Presentation and Correlation
The local heat transfer coefficients were plotted in the
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form of (Nyu):/(Np)%* vs. (Nge)r on log-log coordi-
nates. The Nusselt and Reynolds numbers were based on
the local equivalent diameter, with the properties p, g,
and k taken at the arithmetic average of the adiabatic
wall temperature and the mean wall temperature for the
time period 4, Initial plots were for a given convergence
angle at common flow-area contraction ratios. Represen-
tative levels of heat transfer in the turbulent and laminar
boundary-layer flow regimes were superimposed on the
data as guidelines for the progress of reverse transition.

Turbulent boundary-layer heat transfer levels were
represented by those of Colburn (24), Bartz (25), and
Talmor (2); that is

(NNu)r/(NPr)o'4 = 0.023 (NRe)rO'8 (ll)
(Nnu) s/ (Npy)* = 0.026 (Npg),*® (12)
and (Nau) L1 o
(NPr) 1/3(NRe)r0'80 - 00375[ 2y ]
(dh/z)O.ZO d(Pe/Po) 0.20 Tr 0.6m
(P,/P,) 15 [“ dx ] ( T, ) (13)

respectively. Equations (11) and (12) are special cases
of Equation (13) for accelerating flow in rectangular
channels. However, the use of Equation (13) requires
knowledge of local pressure-ratio gradients. As local pres-
sure measurements were not taken, Equation (13) was
used only where a one-dimensional isentropic pressure
profile was deemed applicable, for example, at the early
portion of convergence.

Local laminar heat transfer levels were calculated
through an internal flow analogue of an external flow re-
lation (2, 26); that is

1—m

(NNu)r _ 035( I:—) 2 ( Po )l/2
(Npr)1/3(NRe)r1/2 ' T, P,

dh’/z zYa
" P m(y—1)y+1 Ya (14)
f ( -—e-) v % dx
o\ p,
where
v=1 v—1

(7) " 1(5)" -]

Z = — — 1

P, P,

Equation (14) was used in the higher area ratio range,
where a one-dimensional isentropic pressure distribution
could be assumed. For the throat region, the level of

Brinsmade and Desmon (27) was superimposed on the
data; that is

(NNu)r/<NPr)O'4 = 0.290 (NRE)TO'S (15)

Equation (15) represents data obtained at the sonic point
of a solid propellant combustion chamber, and it is also
supported by recent throat heat transfer results with vari-
ous propellant combinations at low stagnation pressures
(28).

To combine and correlate transitional heat transfer
data at various convergence angles, the acceleration
parameter K, [defined by the left side of Equation (2)]
had to be calculated for all test sections (Figure 3) and
all locations. The required gas dynamics data [P,/P,,
Nua» —d(P./P,)/dx] were obtained from one-dimen-
sional isentropic flow relations, and a digital computer
program, RETRAN, was written to evaluate the accelera-
tion parameter. The program determined the local slope
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Fig. 3. Test section schematic.

—d(Pe/P,)/dx by differentiating the relations (P./P,)=
f(e) and ¢ = g(x) and by combining the derivatives.
Values of local temperature ratios and Reynolds numbers
were input variables, based on actual geometrical and
operating conditions. The use of one-dimensional isen-
tropic flow functions did not introduce any correlation
error because the acceleration parameter eventually used
for correlation of local heat transfer data was that exist-
ing at or near the start of convergence where the as-
sumption of one-dimensional isentropic flow conditions
is valid. This choice of an upstream acceleration param-
eter for correlating downstream heat transfer measure-
ments is consistent with the observed lag between the
point at which K, was maximum and the point where
the wall turbulence burst frequency was minimum (8).
However, the exact location of the effective acceleration
parameter may sometimes need special consideration.

For example, typical computer plots of K, vs. € at the
various convergence angles and comparable stagnation
pressures (400 to 500 lb./sq.in.abs.) are shown in Fig-
ure 4. For the convergence angles of 45 and 60 deg.,
the curves are relatively flat near the start of conver-
gence so that the value of the effective acceleration
parameter for correlating downstream heat transfer mea-
surements is not sensitive to its location relative to the
start of convergence. However, at a convergence angle of
70 deg., there is a steep rise in K, over a very small
change in area ratio immediately after the start of con-
vergence. This is attributable to the radius of curvature
at the start of convergence which the 45- and 60-deg.
ramps did not have. Therefore, for consistency, the value
of K, at the end of the steep rise was chosen for corre-
lating the downstream transitional heat transfer data at
a convergence angle of 70 deg. The effective acceleration
parameters (K,.) thus chosen were in the range of
1.15(107%) to 8.2(107%) at the convergence angle of
70 deg. (Figures 3d to 3g), 1.5(1078) to 4.8(107¢) for
the convergence angle of 60 deg. (Figures 3b, 3¢) and
1.15(1078%) to 2.2(107%) at the convergence angle of
45 deg. (Figure 3a).

RESULTS AND DISCUSSION

Local heat transfer measurements were taken in a
matrix of forty-five runs at three stagnation pressures
covering a span of 200 to 500 lb./sq.in.abs., three tur-
bulence levels at the start of convergence (1.6 to 114 ),
and five overall contraction ratios (17.5 to 58) at three
convergence angles (45, 60, and 70 deg.). Inlet Mach
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Fig. 4. Typical variation of the acceleration parameter at the vari-
ous convergence angles.

numbers ranged from 0.01 to 0.035 for the various test
sections.

The data were first plotted in the form of (Nwu)./
(Npr)®4 vs. (Nge), at common area ratios and conver-
gence angles. The results suggested the use of K,. as a
correlating parameter.

For example, pertinent results for two channels at a
convergence angle of 70 deg. are given in Figure 5. At
an area ratio of 17.6 which is the start of convergence
for the solid points, turbulent separation is apparent.
However, the open points obtained further downstream
of the start of convergence at a higher average accelera-
tion parameter follow a lower heat transfer level. At the
next station (¢ = 14.0), both sets of data appear merged
into a laminarized level, and at ¢ = 9.5, the two sets of
data are again separated. In reference to the previous
station (¢ = 14.0), the solid points for which the average
acceleration parameter is lower seem to have moved up-
ward, while the open points (at a higher average K,.)
seem to have moved downward to a somewhat lower
level. Towards ¢ = 7.7, the solid points have shifted to
an apparently turbulent level which is sustained at area
ratios of 5.7 and 3.9 as well. At ¢ = 1.2, the solid points
seem reverted to the original pseudo laminar heat trans-
fer level observed at ¢ = 14.0, thus suggesting a repeated
process of laminarization.

Meanwhile, the open points are sustaining their pseudo
laminar level at area ratios of 7.7 and 5.7 (Figure 3).
Towards € = 3.9, further laminarization is evident at the
higher acceleration parameters (open points) and at the
low and intermediate Reynolds numbers (300,000 and
400,000 at ¢ = 5.7). At the high Reynolds number
(520,000 at € = 5.7), no further laminarization is real-
ized. This results in the onset of a high slope (> 1.0)
for the open points at ¢ = 3.9, which is fully established
at ¢ = 1.2 and 1.0 with Reynolds numbers approaching
1(108).

The main feature of the results given in Figure 5 is a
diversified two-stage laminarization process. In one case
(solid points), it consists of two repeated reverse transi-
tions with a forward transition inbetween. In the other
case (open points), the first stage of reverse transition
consists of suppression of Nusselt numbers to a pseudo
laminar heat transfer level higher than typical for a
laminar boundary layer. This level is sustained for some
distance along the converging wall before the onset of a
second-stage reverse transition process, preferential]y at
the lower Reynolds numbers leading to high slope
(> 1.0) heat transfer lines towards the end of conver-
gence. The observation of such a two-stage reverse tran-
sition process is at least qualitatively consistent with basic
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boundary-layer measurements (6, 8), and the attainment
of high slope heat transfer lines at throat Reynolds num-
bers approaching 1(108) is consistent with experimental
heat transfer results with high temperature combustion
products in similar channels (4).

It is rather revealing to note that at ¢ = 1.2 the upper
end of the open points for which K,. = 1.6(107¢)
tends to merge with the solid points for which 1.14
(107%) < K, < 2.3(1076), The lower end of the open
data points where K,,. = 3.1(107%) is outside this range,
tending to pull away from the solid points into a deeply
laminarized state. Thus, what appears to be a lack of
correlation of an apparent effect of channel size is actu-
ally an acute effect of the acceleration parameter. Fur-
thermore, a systematic mild effect of the free-stream
turbulence at the start of convergence is evident at area
ratios down to 3.9, particularly at the low Reynolds
numbers. This is a characteristic of a laminarized or
transitional state (29). The absence of such effect near
the throat is apparently due to appreciable decay in tur-
bulence intensity upstream of the throat.

Generally, the heat transfer results were not signifi-
cantly affected by the free-stream turbulence intensity
at the start of convergence. This tends to indicate that
regardless of its level at the start of convergence, the
free-stream turbulence has decayed to common low values
along the converging wall. These could not be calculated,
since the effect of assymmetric contraction on grid in-
duced turbulence is yet to be investigated (30). Further-
more, the well-observed flow separation at the start of
steep convergence (12} isolates the converging wall from
the effect of free-stream turbulence at the start of con-
vergence. Therefore, the apparently negligible effect of
upstream turbulence intensity on heat transfer along the
converging wall (at K,. > K,.) should not be construed
to imply lack of influence of free-stream turbulence on
the onset of reverse transition (Figure 2). Alleviation of
flow separation at the start of convergence and measure-
ments of local free-stream turbulence are required for
further elucidation of the phenomena involved.

Data Correlation

Data for various test sections were combined to yield
curves of constant K, at various area ratios. Since the
free-stream turbulence intensity at the start of conver-
gence was found to have a minor effect (if any) on the
heat transfer coefficients along the converging wall, no
further distinction was made relative to the presentation
of data obtained at various free-stream turbulence inten-
sities at the start of convergence. However, each range

g
AN
> .

T 11
ares

21
P

Fig. 5. Local heat transfer results at a convergence angle of 70 deg.
and two overlapping ranges of the acceleration parameter K, .
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of K,. was assigned a symbol on each constant-area-
ratio plot, and alternate open and solid points were used
for contrast. While the symbols are individually identified
on each plot, they are not transferable from figure to
figure.

The reference levels represented by Equations (11} to
(15) were again superimposed on the data. However, for
the case of Equations (13) and (14) which yield indi-
vidual levels for each of the test sections employed, an
average level was superimposed on the combined data
of various test sections.

First-stage laminarization paths are given in Figure 6
at area ratios of 18 to 19.4. A typical path is of negative
slope indicating a sharp decrease in Nusselt number upon
a mild increase in Reynolds number at a constant K,...
Referring to the definition of the latter [left side of Equa-
tion (2)], an increase in Reynolds number at a constant
K. implies a simultaneous increase in pressure-ratio
gradient and/or a decrease in Mach number so as to
compensate for the increased mass velocity.

While reverse transition is evident at all values of X,,.
at 18 < e < 19.4 (Figure 6), the onset of forward
transition back to a turbulent boundary layer is apparent
downstream at 11.0 < e < 12.8 (Figure 7) for K,,, =
2.6(1076). This is reflected by the curling of paths at
K.. = 2.6(1078), that is, the lower ends of the paths
(close to a laminar level) tending to follow a higher
transitional slope (> 1.0) as (Ng.), is increased, while
the upper ends of the paths (in the turbulent boundary-
layer regime) follow lower slopes on the order of 0.8.
The net result is curling, or the formation of an inflec-
tion point on the laminarization path. On one side of the
inflection point, higher K, . at a given (Nge)r results in
lowering the heat transfer rate (lower half of the curled
paths). On the other side of the inflection point (upper
half of the curled paths) higher K. at a given (Nge),
tends to increase the Nusselt number which is closer to
a characteristic of a turbulent boundary layer. Thus, the
results in Figure 6 represent the end of a first-stage
laminarization process, at least for K. = 2.6(1079).

The curling phenomenon for K,. = 2.6(107%) first
noticed at 16.0 < e < 18.5, if indeed attributable to for-
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ward transition at the lower ends of the laminarization
paths, should be more pronounced at positions down-
stream and should eventually propagate to higher values
of K,.. This is supported by the results presented in
Figure 8 for area ratios of 7.3 to 8.0. Curling is ap-
preciable for K,. < 3.5(107%) and mild at K,. of
5.6(10-6) and 8.2(10-%) (Figure 8). Subsequently, at
43 < e < 4.6 (Figure 9), the ultimate in curling (or
forward transition) seems to have been reached. What
used to be the lower end of a laminarization path is now
catching up with its upper end, resulting in a mildly
negative slope for the path, for example, that shown for
2.2(1078) < K,,, < 2.4(1076) in Figure 9.

One would expect the next step to consist of a com-
plete shift to a positive turbulent slope of 0.8. Instead,
the onset of a second-stage laminarization process is re-
vealed by the heat transfer results at the next station
(3.0 < « < 3.9, Figure 10). This stage of laminarization
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Fig. 8. Laminarization paths at 7.3<¢< 8.0 with 17<¢ < 58; curl-
ing appreciable at Kr, , = 3.5(1076),
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is rather persistent, penetrating deeper towards a laminar
state at 1.7 < € < 2.7 (Figure 11) with curling of paths
evident at the lower values of K., (= 1.8 X 107%)
only. Finally, at 1.0 < € < 1.5 (Figure 12), the ultimate
in reverse transition seems to have been reached. Curling
has disappeared, and clear constant —K,,. laminarization
paths are evident in the entire range of K, . investigated.
All paths seem to lead to a laminar boundary-layer heat
transfer level which is obviously lower than that of
Equation (15) and lower than that apparent for the first
stage of laminarization (Figure 6); that is, the second
stage is more decisive despite the existence of forward
transition between the two stages of reverse transition.
The constant —K,,. laminarization paths presented in
Figures 6 to 12 should not be confused with throttling
paths obtainable upon wide variation of stagnation pres-
sure (or Reynolds number) with a given channel geom-
etry. In this case, K,. varies simultaneously with
(NRe)r, so that the throttling path consists of continuous
shifting from one laminarization path to another result-
ing in a positive slope for (Nyu)./ (Np)%* vs. (Nge)r
At least for the throat region, the slope of the throttling
path varies with the Reynolds number range of operation

(4).

Application to Design

Reverse transition is most helpful for suppression of
heat transfer rates in critical (difficult to cool) regions,
for example, the throat region of combustion chambers.-
The induction of reverse transition in the vicinity of the
sonic point requires careful contouring of the converging
wall upstream (not necessarily through the convergence
angle) so as to ensure that the acceleration parameter is
favorable for reverse tramsition. This will require con-
sideration of local free-streamn turbulence intensities in ac-
cordance with Figure 2. Once the critical value of the
acceleration parameter is exceeded at the proper location
relative to the sonic point, for example, at the start of
convergence for converging wall lengths on the order of
4 in., knowledge of the resulting heat transfer coefficients
is required.

The results presented in Figures 6 to 12 are directly
applicable for determination of transitional heat transfer
coefficients along plane converging walls. However, a
complicating factor may be introduced by the curling of
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laminarization paths in some cases, particularly if Figure
2 is not consulted.

The curled constant —K, . laminarization path repre-
sents a double valued function. For example (Figure 8),
at a constant value of (Ng.)s two values of (Nyy),/
(Npy)®4 are sometimes possible, one on each side of the
inflection point of the curve, one close to a turbulent
value, and the other close to a laminar value. The clue as
to a proper choice lies in Figure 2 by determining
whether the acceleration parameter under consideration
is above the critical for reverse transition. Should K, ., be
higher than K, . (Figure 2), the lower of the two values
of (Nnu)./(Np,)®* is appropriate for design.

It is obvious that this procedure is sensitive to the as-
sumed level of local free-stream turbulence when the
reverse transition criterion presented in Figure 2 is ap-
plied. The effect of high acceleration rates (particularly
when not symmetrical) on free-stream turbulence is
hardly predictable and yet to be investigated. The only
saving grace at this time is that in the region of im-
mediate interest, that is, the throat region, all laminariza-
tion paths are single valued (Figure 12).

CONCLUSIONS AND RECOMMENDATIONS

The onset of reverse transition of a turbulent boundary
layer is strongly affected by the free-stream turbulence
intensity, with a mild effect of the initial velocity profile
within the turbulent boundary layer being noted. Ana-
Iytical results derived by combjning a previously de-
veloped reverse transition criterion (2) with a theory of
forward transition (18) indicate that for a one-seventh
power velocity profile at the onset of reverse transition,
the acceleration parameter has to exceed a value of
1(1078) to induce reverse transition at a free-stream
turbulence level of 1.1%, while a value of 4.4(10%) has
to be exceeded at a free-stream turbulence intensity of
39. For a one-eleventh power velocity profile at the on-
set of reverse transition, the critical values are 0.91(10%)
and 3.5(10-%) at free-stream turbulence levels of 1.1
and 3%, respectively. These results, consistent with ex-

perimental results, suggest that a fast decay in free-stream
turbulence prior to or during the early stage of conver-
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gence should be highly favorable for the onset of reverse
transition.

The local heat transfer coefficients along plane con-
verging walls are strongly affected by the acceleration
parameter at or near the start of convergence particularly
when the critical value for reverse transition has been
exceeded. This is consistent with the observed lag be-
tween the point at which the acceleration parameter is
maximum and the point at which the full potential of
laminarization is realized (7, 8). Experimental results of
this study with 1.15(107%) < K,. < 8.2(10~%) and free-
stream turbulence intensities of 1.6 to 119 at the start
of convergence indicate a two-stage reverse transition
process along the converging wall with a forward transi-
tion in between. The second stage of laminarization is
more effective, leading to heat transfer levels much fur-
ther suppressed below those typical for turbulent bound-
ary layers.

The acceleration parameter at the start of convergence
is a powerful tool for correlating local heat transfer rates
at common flow-area contraction ratios, at least for the
converging wall lengths employed (on the order of 4 in.).
This is reflected by the establishment of constant —K,,.
laminarization paths having negative slopes of (Ny,),/
(Np,)%* vs. (Nge)r at common local area ratios. How-
ever, no correlation is evident relative to the free-stream
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turbulence intensity at the start of convergence, as it had
a negligible effect on the local heat transfer coefficients
even in the laminarized state. Apparently, the free-stream
turbulence decayed along the converging wall to common
low values, regardless of its initial intensity at the start
of convergence.

Local measurements of free-stream turbulence inten-
sity along converging walls at various rates of accelera-
tion are required to alleviate the designer’s problem of
assuming a turbulence level when applying the reverse
transition criterion and the heat transfer results presented
herein.
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NOTATION
local channel height, Figure 3

A® = throat height, Figure 3

C = constant in the relation (Ny,), = C(Nge) "

¢, = specific heat at constant pressure

dr, = equivalent diameter, four times the ratio of
wetted area to wetted perimeter

H = shape factor, Equation (6)

h = heat transfer coefficient, Equation (9)

K, = acceleration parameter for compressible flow de-
fined by the left sides of Equations (1) and (2)

k= thermal conductivity

L = distance between the turbulence grid and the

start of convergence, Figure 3

m = gas viscosity-temperature exponent (p ~ T™)

Nume = Mach number

Nnuw = Nusselt number = hd,/k

Np, = Prandtl number

Nge = Reynolds number = djup/pu

n = power in the relation (Ny.)r = C(Nge):®

P = pressure

R = transformed radius of axisymmetry in Equation
(8); radius of wall curvature in Figure 3

T = absolute temperature

U = transformed velocity defined in conjunction with
Equation (1)

u = velocity in the x direction

v = velocity fluctuation in the x direction

X = transformed coordinate system defined in con-
junction with Equation (1)

x = distance from the start of convergence along the
converging wall

Z = acceleration parameter for incompressible flow =
(ve/ue?) (du./dx)

z = pressure-ratio function defined in conjunction
with Equation (14)

Greek Letters

a«, B = constants in the shear stress relation

v = specific heat ratio

8 = velocity boundary-layer thickness

€ = local flow-area contraction ratio

0 = momentum thickness; elapsed time in Equations
(9) and (10)

A = Pohlhausen parameter, Equation (4); conver-
gence angle, Figure 3

M = gas viscosity

v = kinematic viscosity

3 = wall thickness

P = density

Yol. 16, No. 3
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T = shear stress

Subscripts

aw = adiabatic wall

c = critical

e = local conditions along the outer edge of the
boundary layer

0 = properties at stagnation conditions; at zero time,
Equation (10)

r = properties at reference temperature

x = based on x

w = wall

b = based on &

o = at the start of convergence

1 = at time §, Equation (10)
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