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Abstract-For the accelerated compressible flow in a two-dimensional convergent-divergent nozzle the 
influence of free-stream turbulence on heat transfer in the turbulent boundary layer has been investigated 
empirically. The turbulence intensity varied from nearly zero to about 20x, the nozzle entrance Reynolds 
number reached up to about 10’. The experimental set-up and the turbulence measurement technique are 
carefully described. For three different loading cases the measured data of free-stream turbulence intensity 
and fluctuation are given along the nozzle axial length as well as the local Stanton number in comparison to 
those of accelerated flow without free stream turbulence. For low Reynolds numbers (Re, < 106) no clear 
change of heat transfer has been observed, while for Re, > lo6 a weak and nearly linear dependency of 

Stanton number on free-stream turbulence intensity can be pointed out. 

NOMENCLATURE 

empirical constant ; 
nozzle width ; 
specific heat at constant pressure; 
Mach number ; 
static pressure; 
total pressure; 
heat transfer rate; 

u’x Reynolds number; 
V 

Stanton number ; 
temperature; 
free-stream turbulence intensity; 
mean velocity in x-direction; 

x- 
velocity fluctuation in y- 

> 

direction; 
z- 

length of nozzle segment in flow direction ; 

vertical to the seg- 
Cartesian coordinates 

parallel to the seg- 
mented wall. 

Greek symbols 

a, heat transfer coefficient ; 
V, kinematic viscosity ; 
P9 density. 

* This work has been sponsored by the German Ministry of 
Defence. 

Indices 

aw, adiabatic wall; 

eff, effective ; 

r, recovery ; 

Tu, with free-stream turbulence. 

1. INTRODUCTION 

BASED on the knowledge of the influence of strong 
favourable pressure gradient on heat transfer in a two- 
dimensional turbulent boundary layer of an accele- 
rated low-turbulence flow from measurements of 
Winkler et al. [l] and Bauer et al. [2], the influence of 
free-stream turbulence intensity on heat transfer in a 
plane convergent-divergent (CD) nozzle has been 
investigated empirically. Great interest of aircraft 
engine industries and only a few measurements of 
other authors [3,4], restricted to free-stream turbu- 
lence intensities up to about 10% and subsonic flow 
[14], gave the impulse for our measurements. These 
measurements enveloped the variation of free-stream 
turbulence intensity up to about 20% in the whole 
working range of the existing CD-nozzle with a 
maximum outlet velocity of about 7OOm/s at a free- 
stream Mach number of 2.2. 

2. EXPERIMENTAL SET-UP 

The investigations have been performed in the wind 
tunnel of our institute. Its air circulation is shown in 
Fig. 1. The air drawn in from the ambient is compres- 
sed in a stationary driven two-stage radial compres- 
sor (max. pressure ratio x,,, = 3.4; max rate of flow 
’ mmax = 2.8 kg/s) and by this heated up at maximum to 

about 485 K. The following three air heaters were not 
used in the described test series but give the possibility 
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FIN;. 1. Plan of the windtunnel facility. 

to heat the air additionally. After the air heater the 
compressed air is prepared in a chamber to smooth the 
velocity and temperature profile and to install a 
definite free-stream turbulence intensity. For this 
purpose a mixer, a straightener and some screens are 
used, followed by a turbulence grid. The geometric 
data of the used turbulence grids are given in Table 1. 
Leaving the preparing chamber the air passes a 
transition pipe where the cross section is changed from 
a round to a rectangular one of nearly the same area. 
Afterwards the heated compressed air enters the two- 
dimensional test section, an unsymmetrical rectan- 
gular water-cooled CD-nozzle (see Section 3) which 
is designed for a normal shock at its exit in the 
maximum loading case of the compressor. Passing the 
diffusor and silencer the hot air leaves the apparatus 
through an exhaust and returns into the environment. 
The pressures were measured by U-manometers (mer- 
cury or water respectively), from what pictures were 
taken which can be evaluated later. The voltages of the 
nearly 250 thermo-couples-necessary for heat flux 

Table 1. Geometric data of turbulence grids 

Tu-generator Grid bar diameter Grid mesh width 
no. (mm) (mm) 

I 3 12.5 
II 6 25 
III 12 50 
IV 24 100 

measurements-were collected by a multi-channel 
digital voltmeter and punched on paper tape. 

3. TEST SECTION WITH INSTRUMENTATION 

The test section has a rectangular cross-section and 
exists of a plane and a contoured wall (see Figs 2 and 
3). To make very accurate measurements of the heat 
flux from the hot air to the water-cooled nozzle walls 
the CD-nozzle was built up with 35 separate segments 
of copper on each of the two side-walls. The segments 
are well insulated to each other and separately cooled 
to perform special thermal conditions at the wall, for 
instance isothermal wall as done in these 
investigations. 

The apparatus is driven in steady state. Therefore 
heat fluxes into the nozzle walls can be measured by 
heat flux meters as shown in Fig. 3. For more 
information about the measurement of static pressure 
and heat flux along the nozzle see [2] and [S]. 

Besides the mentioned parameters the stagnation 
pressure and temperature as well as the free-stream 
turbulence intensity can be determined at five fixed 
points in the nozzle-flow (see Fig. 2). A combined 
temperature and pressure probe as in smaller size used 
by Meier [6] for boundary layer measurements was 
employed for measuring the stagnation conditions, 
while a hot-wire anemometer has been used to de- 
termine the change of turbulence intensity in the flow 
passing through the nozzle. 



Heat transfer in accelerated compressible flow 1637 

U-bar 

FIG. 2. Longitudinal section of the rectangular convergent-divergent test nozzle. (I to V indicate the location 
of the hot wire probes.) 

4. USED HOT-WIRE PROBE 

Although the free-stream flow is one-dimensional 
the free-stream turbulence is obviously three- 
dimensional. That means we have to measure the 

velocity fluctuations in x-, y- and z-axis, i.e. Ju’“, Jd2 - 
and ,/w’~, to determine the turbulence intensity which 
is defined for the x-direction by the following relation 

J11’” 
Tu,=--. 

Ii 
(1) 

For those measurements we need a so-called X-probe 
(see Fig. 4a), which exists of two hot wires situated 
vertically to each other forming a 45”-angle with the 
main flow direction. Because of the very rough expe- 
rimental conditions and the expected great amount of 
failures of the extremely sensitive wire we looked for 
another probe which is able to do the same job. 
Acrivlellis [7] has suggested a so-called 45”-probe (see 
Fig. 4b) which has one wire in a 45”-angle to the main 
flow direction. Compared to the X-probe the 45”- 
probe has the advantage to be easier to handle and to 
repair but the disadvantage not being able to measure 
all turbulent fluctuations at the same time. So it is not 

o = thermocouple g= flow cross section 
b = thermocouple h = ru&er sea/ins 
c = cooling water entry i =segment (copper) 
d - coo!ihg water exit k=air gap 
e= static pressure tapp. t=sbb 
f = static pressure hole m=frame 

FIG. 3. Cross-section of a segment from the nozzle. 

very useful for our measurements. Therefore we de- 
cided to take a normal straight hot-wire probe (see Fig. 
4c ; Type DISA-55 A 75) knowing that this probe can 
only detect effective velocities and effective turbulent 
fluctuations. That means we will get an effective 
turbulence intensity 

Ju::, 
Tux,,rt = - (2) 

hff 

where u:ff and Is,,, come from the following relations 

U.ff = J[(ti + u’)2 + t”2 + w’2] (3) 

or developed in a series neglecting higher order terms 

( ’ If2 + wr2 
U eff=ii 1+“+- 

U 2u2 

u1d2 + 14’w12 
- 

2u3 
+ . (4) 

1 

Using the definition that the mean value per time unit 
of a turbulent fluctuation term is equal to zero, i.e. 

U’ = 
s 

10 + Al 
u’dt = 0 (5) 

10 

we get (see Kristensen [8]) 

is,,, = (6) 

Following the definition 

u=U+u’ (7) 
one can calculate the effective turbulent fluctuation u& 
from equations (4) and (6) 

lid2 + utvt2 liwt2 + liw’2 - 
2u3 - 2u3 

(8) 
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FIG. 4. Available types of hot wire probes; (a) X-probe; (b) 45”-probe; (c) straight probe. 

which leads to 

From equations (4) and (9) one can see that 

ueff # u and J&r # Jti”. 

Because we don’t like to know u and Jut2 but the 
turbulence intensity Tu, we have to check whether 

(10) 

is guilty or not. 
In the case of low turbulent fluctuations, i.e. 

u ‘I_ w 

from equations (6) and (9) we get 

and 

u,rr 2 li (lla) 

tLLif 2 a’2 (lib) 

where equation (lla) is more right than equation 
(11 b). That means the measured mean velocity rieff is 
much less influenced by L” and w’ than the turbulent 

fluctuation J u$~. Therefore the turbulence intensity 

Tu,,,rr of a one-dimensional flow measured by a 
normal straight hot-wire probe is always a little bit 
greater then the real existing turbulence intensity in x- 
direction, Tu,. 

JG 
Tuxsrf = 7 

JU” 
> Tu, = : 

Ueff U 

The use of a straight hot-wire probe to measure 
turbulence intensities of about 20% and more is a 
strong simplification, indeed. But on one hand hot- 
wire measurements are erroneously in the order of 20% 
in general and on the other hand the decay of 

turbulence in the nozzle is very rapid and therefore 

the error decreases too. Another point is that we would 
like to know the behaviour and change of turbulence 
along the nozzle and its influence on heat transfer to 

the cooled wall, and not the real value of turbulence 
intensity extremely accurate. Therefore we decided to 
use a straight high-temperature hot-wire probe with 

the advantages of a simple structure, an easy repair 
and a relative low effort for measurements. The 

measured effective turbulence intensity Tu,,,~~ should 
be used as the representative turbulence intensity to 
characterize the behaviour of the turbulent free-stream 
along the CD test nozzle. To simplify the notation let 
us introduce Tu instead of Tu,,,~~. 

5. TEST RESULTS 

The working range of the test nozzle is given by the 
measured pressure ratio pI/pt and the free-stream 

Mach number Ma, vs the axial length of the nozzle in 

Figs. 5 and 6. For the investigation described in this 
paper the loading cases 3,7 and 12 have been selected, 
that means minimum, medium and maximum load. 

While the heated air is accelerated throughout the 
nozzle for maximum load (loading case 12) it is 

accelerated for medium load (7) up to the shock in the 

divergent part of the nozzle. For minimum load (3) the 
flow is accelerated till the nozzle throat and de- 

celerated afterwards. In this paper heat transfer be- 
haviour in the boundary layer under the influence of 
free-stream turbulence should not be looked at for flow 
conditions over and behind the shock as well as 

decelerated flow, i.e. the investigation is restricted to 

the favourable pressure gradient flow only. 
The decay of the turbulence intensity Tu and of the 

turbulent fluctuation ,,/u ‘2 in the nozzle is plotted in 

Figs. 7 and 8 for minimum load and in Figs. 9 and 10 
for medium or maximum load respectively. One can 
see that Tu drops very rapidly for all loading cases, 
perhaps a little bit stronger for medium and maximum 
load, for what no turbulence measurements have been 
successfully in the throat region and at the nozzle exit 
because of the very rough flow condition (high tem- 
perature and/or high velocity), which the hot-wire 
could not bear. 

In all cases the turbulence intensity is nearly down to 
the basic turbulence of the arrangement just behind the 
throat. The decay of Tu is not mainly based on the 
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O’ 1 II 
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axial Length x[mml 

FIG. 5. Static-to-total pressure ratio p,/p, vs axial length x 

increase of the mean free-stream velocity ii because the 

turbulent fluctuation 4 17” decays in a comparable 
way as Tu does. 

Looking at the influence of free-stream turbulence 
on heat transfer to the cooled wall one will observe a 
very small influence in general. Therefore the heat 
transfer results are given in Figs. 11-13 in relation to 
the heat transfer of the favourable pressure gradient 
flow without free-stream turbulence, that means with 
exactly the basic turbulence of the arrangement only. 

The heat transfer is expressed by the Stanton 
number St defined as follows 

where the heat transfer coefficient a, comes from 

ar = (T,, - T,) . Ax (13) 

For minimum load (Fig. 11) with a Reynolds number 
of about Re, z lo5 at the nozzle entrance nearly no 
influence of free-stream turbulence decay on heat 
transfer can be seen up to an axial length of x = 
300 mm. Only the heat transfer data for the different 
turbulence grids and the therefore different turbulence 
intensity levels deviate from each other, nearly parallel 
shifted. Near the throat and in the divergent part of the 
nozzle a slight increase of heat transfer is observed 
while the turbulence intensity decreases. The de- 
celerated flow should not be discussed in this paper. 

300 400 500 600 700 800 

axial Length xlmml 

FIG. 6. Free-stream Mach number Ma, vs axial length x. 
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200 100 600 800 

awaL length x [“ml 

FIG. 7. Free-stream turbulence intensity Tu vs axial length .X 
for minimum load. 

01r _rr-D-____ --.+_ 1 
0 200 LOO 600 800 

axial length x [mm] 

Frc;. 8. Free-stream turbulent fluctuation ,i.u’* vs axial 
length x for minimum load. . 
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FIG. 9. Free-stream turbulence intensity Tu vs axial length x 
for medium and maximum load. 
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Fro. 10. Free-stream turbulent fluctuation ju” vs axial 
length x for medium and maximum load. 

The small increase in front of the throat can be 
explained by the increasing Reynolds number into a 
range greater than Re, = lo6 which seemed to be an 
important barrier for the influence of free-stream 
turbulence on heat transfer in the compressible turbu- 
lent boundary layer. This assumption is emphasized by 
the results of the own measurements for medium and 
maximum load (see Figs. 12 and 13), what for the 
Reynolds number from the beginning of the nozzle is 
Re, 2 106. For both loading conditions and influence 
of free-stream turbulence intensity on heat transfer is 
very clear to be seen. The change of the Stanton 
number for existing free-stream turbulence St,, com- 
pared to the Stanton number without free-stream 
turbulence St,, i.e. 

St,, - St, 

St, 
=.0x) 

shows along the axial nozzle length nearly the same 
slope in decay as the free-stream turbulence intensity 
Tu itself, what can be seen by the additionally given 
Tu-curves (dotted line in Figs. 12 and 13) for the 
turbulence grids number II and IV (see Table 1). The 
drawn curves illustrate the optical average of the 
Stanton numbers coming directly from the measure- 
ment. A correction of the measured data has been 
abandoned because theeffect on the Stanton number is 
in the same order as the error of measurements (see 
especially in Fig. 13); but in any case the described 
tendency can be seen obviously. 

From our own measurements the following empiri- 
cal relation can be derived for Re, 2 lo6 to describe 
the dependency of heat transfer on free-stream turbu- 
lence intensity 

with 

St,, = St, (1 + a . 7-u) 

(14) 

a Z 0.7 t 1.25 Z 1. 

Concluding our own results one can say that the 
influence of free-stream turbulence on heat transfer in 
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0 100 200 300 LOO 500 600 700 800 

owol length x [mm1 

FIG. 11. Stanton number for turbulent free-stream St,, in comparison to Stanton number for non-turbulent 
free-stream St, vs axial length x for minimum load. 

300 400 500 

awal length x [mm1 

FIG. 12. Stanton number for turbulent free-stream St,, in comparison to Stanton number for non-turbulent 
free-stream St, vs axial length x for medium load. 

300 400 500 

axial length Y [mm] 

FIG. 13. Stanton number for turbulent free-stream St,, in comparison to Stanton number for non-turbulent 
free-stream St, vs axial length x for maximum load. 
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a two-dimensional turbulent boundary layer of an 
accelerated compressible flow is 

(4 

(b) 

in agreement with the results of Simonich and 
Bradshaw [9] and the suggestion of McDonald 

and Kreskovsky [lo] uneffective for Reynolds 
numbers lower than Re, z lo6 and 

for Re, > lo6 also for free-stream turbulence 
intensities up to 20% really low as already 
measured for lower turbulence intensities by 
Boldman [3] and Brown and Burnton [4] ; that 
means in our case, the heat transfer increases 
nearly proportional to the increase of free- 
stream turbulence intensity. 
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INFLUENCE DE L’INTENSITE DE TURBULENCE DE L’ECOULEMENT LIBRE 
SUR LE TRANSFERT THERMIQUE DANS LA COUCHE LIMITE TURBULENTE 

BIDIMENSIONNELLE D’UN ECOULEMENT COMPRESSIBLE ACCELERE 

R&mu-On Ctudie pour un 6coulement compressible acc&r& g I’intCrieur d’une tuykre convergente- 
divergente, l’influence de la turbulence de I%coulement libre sur le transfert thermique. L’intensitt de 
turbulence varie depuis z&o jusqu’8 20% environ, le nombre de Reynolds i I’entrCe de la tuyere allant jusqu’i 
10’ environ. Le montage expkrimental et la technique de mesure de la turbulence sont dtcrits en d&tail. Pour 
trois charges diffkrentes, Ies rksultats sur I’intensiti de turbulence et la fluctuation sont don& le long de l’axe 
de la tuyere et le nombre de Stanton local est comparl au cas de l’tcoulement acctl6rt sans turbulence libre. 
Pour Ies faibles nombres de Reynolds (Re, < 106), on n’observe pas de changement net du transfert 
thermique, tandis que pour Re, > lo6 on peut noter une dependance faible et presque lintaire du nombre de 

Stanton vis-&vis de I’intensitC de turbulence libre. 

EINFLUB DER FREISTROMTURBULENZ AUF DEN WARMEUBERGANG 
IN DER ZWEIDIMENSIONALEN TURBULENTEN GRENZSCHICHT 

EINER BESCHLEUNIGTEN KOMPRESSIBLEN STROMUNG 

Zusammenfassun-Fi_ir die beschleunigte kompressible StrGmung in einer zweidimensionalen konvergent- 
divergenten Diise wurde der EinfluB der Freistiomturbulenz auf den Wsrmeiibergang in der turbulenten 
Grenzschicht experimentell untersucht. Der Turbulenzgrad wurde zwischen 0 und 20% variiert, die 
Reynoldszahl am Diiseneintritt betrug bis zu 10’. Die Versuchsanlage und die Turbulenz-MeOtechnik 
werden ausfiihrlich beschrieben. Fiir drei verschiedene Lastfille werden die MeBdaten der Freistromturbu- 
lenz und turbulenten SchwankungsgrGBe entlang der Diise als such der lokalen Stantonzahlen im Vergleich 
zu denen einer beschleunigten Striimung ohne Freistromturbulenz angegeben. Fiir kleine Reynoldszahlen 
(Re, <: 106) war keine deutliche Anderung des WIrmeiibergangs zu beobachten, wlhrend fiir Re, >_ lo6 eine 
schwache, etwa lineare AbhLngigkeit der Stantonzahl von der Freistromturbulenz herausgearbeitet werden 

konnte. 

BJIMIlHkiE WHTEHCHBHOCTM TYP6YJIEHTHOCTM CBO6OflHOl-0 nOTOKA 
HA TEnJIOIIEPEHOC B ABYXMEPHOM TYP6YJIEHTHOM nOI-PAHWYHOM CJIOE 

nPM YCKOPEHHOM TEqEHHM CxKMMAEMOn )KKWAKOCTM 

AIIIIOT~~~I - npoeenetio 3MnepegecKoe HccnenosaHAe B~HRHWR Typ6yneHTnocTH ocnoBHor0 noToKa 
“a TeIlnOIle~HOC B TyP6ynCHTHOM IlOrPaHWIHOM CnOC "p&i TeWHAH CXGiMaCMOti W(iilIKOCTW B LIByX- 

MepHoM tonne JIaeann. MHTeHCWBHOCTb Ty@y."CHTHOCTW ki3Memnacb B mana30HeOT Hynnno - 20”,,, 
3HaqeHHe gncna PeHHonbnca Ha Bxone B conno cocrasnmo nprrMepHo 10’. DaHo nonpo6rroe onecamie 
3KCnCp~MCHT~bHO~yCTaHOBKWBMeTOnHK~Ii3MC~HBiiTy~yneHTHOCTli. ,&l5l TWX FSKNMOB TeWHHR 

H3MepHbl 3HaYCHHR HHTeHCBBHOCTH Typ6yJleHTHOCTkf OCHOBHOrO nOTOKa BJlOnb OCH COnna, a TBKXW_ 

onpeneneno noKanbHoe3Ha4eHbie recnaCT3HTonaHnanocpamieHweco cnyqaehd yCKopeHHoroTe9emia. 

~KOTO~OMOTCyTCTBy~TTy~yneHTHOCTbOCHOBHO~OIIOTOKa.~~Ii ManblX 3HaYeHARX W,Cna PeiiHOnbRCa 

(Re, < 106) He 6bmo OTMeWHO IlBHbIX A3MCHeHUfi B KapTHHe TC"JIOne~HOCa. B TO EJP'ZMS KBK "p" 

Rex> 106 Ha6nronanacb cna6aa B IIOYTH nuHelHan 3aBWCWMOCTb 45icna CT?HTOHa OT HHTeHCHBHOCTN 

TyflynCHTHOCTU CBO6OnHOrO IIOTOKB. 


