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Turbulent Boundary Layers with Foreign Gas Transpiration
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Blowing through the wall is one of the most ef� cient methods to in� uence the characteristics of a turbulent
boundary layer such as heat transfer, skin friction, boundary-layer pro� les, and � ow separation. The most im-
portant technical application is to cool a permeable wall with a coolant mass � ow through the wall, known as
transpiration cooling. Designing transpiration-cooled devices requires the knowledge of empirical correlations for
the calculation of skin friction and heat transfer in the case of blowing. The results of velocity and temperature
boundary-layerpro� le measurements made at the Dresden University of Technology were used to characterize the
in� uence of foreign gas transpiration on skin friction and heat transfer. Simple empirical correlations describing
skin friction and heat transfer reduction as functions of the blowing ratio and especially the blowing gas proper-
ties were found. Further investigations deal with � ow separation due to blowing, and a universal critical blowing
parameter is de� ned. The empirical correlations have also been veri� ed by means of a numerical calculating pro-
cedure. Measurements made at the German Aerospace Center in Lampoldshausen using an H2 /O2 combustion
chamber delivered experimental heat transfer results in the case of hot gas parameters according to practical
applications.

Nomenclature
c f = skin-friction coef� cient
cp = speci� c heat capacity, J/(kg ¢ K)
DF = damping factor
d = diameter, m
F = blowing ratio
k¤;¤¤

M ;T ;c p
= correcting factors

M = molecular weight, kg/kmol
Pm = mass � ow, kg/s
Pr.t/ = (turbulent) Prandtl number
p = pressure, Pa
OPq = heat � ux density, W/m2

R = gas constant, J/(kg ¢ K)
Re = Reynolds number
Sct = turbulent Schmidt number, 0.8
St = Stanton number
T.¿ / = Kelvin (friction) temperature,K
u.¿ / = main (friction) velocity, m/s
v = velocity in y direction, m/s
x , y = streamwise, perpendicularcoordinate, m
± = boundary-layerthickness, m
´ = dynamic viscosity, Pa ¢ s
· = isentropic exponent
·m = von Kármán constant for momentum transport, 0.41
·t = von Kármán constant for energy transport, 0.47
¸ = heat conductivity,W/(m ¢ K)
» = mass fraction, kg/kg
½ = density, kg/m3

¿ = shear stress, N/m2
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Subscripts and Superscripts

aw = adiabatic wall condition
c = coolant
w = hot-gas side wall
0 = reference without transpiration
1 = static main � ow condition
C = Prandtl coordinates

Introduction

T HERE are several possibilities to realize turbulent boundary
layerswith mass transport from the wall into the � ow. Blowing

mass throughholes, slits, or a porous wall is conceivable,as well as
evaporationof the outer wall layer (ablation cooling). In the case of
coolant transport through a slit or a line of holes (different angles of
injectionpossible), theprocedureis called� lm cooling.The effusion
coolinginvolvesblowing througha largenumberof holes,which are
uniformlydistributedin thewall,whereasthecoolingof a permeable
wall (for instance, made of sintered material or � ber ceramics) is
called transpirationcooling.

The most ef� cient method of cooling a thermally stressed wall
is transpiration cooling. This is due to two special effects: 1) the
intensive heat transfer inside the wall due to the very large inner
surface and 2) the decrease of heat transfer in the hot-gas boundary
layer due to the blowing of coolant at the wall. Numerous practical
applications are imaginable for this kind of boundary-layer modi-
� cation: decrease of skin friction on the surface of high speed or
reentry vehicles and reduction of heat transfer to the wall in hot-gas
� ows of rocket nozzles or gas turbine combustion chambers. The
most important factors are 1) the coolant mass � ow density ½wvw

described by the blowing ratio F D ½wvw=.½1u1/, 2) the proper-
ties of coolant and hot gas (main � ow) expressed in terms of the
molecular weights Mc and M1 , 3) the ratio between the wall tem-
perature Tw and the static hot-gas temperature T1 or the adiabatic
wall temperature Taw , respectively, and 4) the � ow and geometrical
conditionsdescribed by the Reynolds number related to the stream-
wise coordinate Rex (plate) or to the local diameter Red (tube or
nozzle).

For the constructionof a thermally high stressed � ow component,
the skin-friction and heat transfer conditions have to be such that
destruction of the wall due to overheating does not occur. Using
a transpiration-cooledsystem, it is possible to achieve an effective
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decrease in wall shear stress and heat � ux density to the wall. For
this reason the component designer has to calculate the friction
and heat transfer conditions considering all effects of interest. The
present paper will introduce simple empirical equations to take
into account the impact of transpiration on a turbulent boundary
layer, especially with respect to the transpiration mass � ow and
the coolant properties, respectively. The predicted correlations are
based on the analysis of detailed measurements using a special hot-
air test facility at the Dresden University of Technology.The paper
will describe the measurements as well as the data evaluation pro-
cedures to show the accuracy of experimental investigations; the
results will be veri� ed using a numerical solution of the boundary-
layer balance equations.Heat transfermeasurements using a H2/O2

model combustion chamber at the German Aerospace Research
Center in Lampoldshausen yield several experimental results ac-
cording to practical test conditions and show an agreement with
the predicted correlations. The designer of a transpiration-cooled
system � rst has to calculate the skin-friction and heat transfer co-
ef� cients assuming an impermeable wall (unblown case) using em-
pirical equations valid for the speci� c application. The second step
is to consider the effect of transpiration (coolant mass � ow den-
sity and properties, temperature ratio) utilizing the present simple
correlations to determine corrected skin-friction and heat transfer
coef� cients.

To predict the in� uence of transpirationon the friction character-
istics (wall shear stress ¿w ), the skin-frictionparameter

c f =2 D ¿w

¯
½1u2

1 (1)

is used. Heat transfer is determined de� ning the Stanton number

St D
OPqw

½1u1cp1.Taw ¡ Tw/
(2)

including the heat � ux density at the wall OPqw due to convection.
Typically the adiabatic wall temperature (recovery factor valid for
turbulent � at plate boundary layer)

Taw D T1 C 3
p

Pr1
¡
u2

1

¯
2cp1

¢
(3)

is employed as the hot-gas reference temperature with respect to
convectiveheat transfer in the case of high-speed� ow. To eliminate
the in� uencesof geometryand� owcharacteristics,it is recommend-
able to use the relationof blown and unblown conditionsc f =c f 0 and
St=St0. For the calculationof the skin-frictioncoef� cient c f 0=2 and
the Stanton number St0 without transpiration,it is necessary to con-
sider temperature conditions that are similar to those present in the
blown case becauseof their temperaturedependence(especially the
blown wall temperature Tw ).

Numerous publications on heat and mass transfer problems in
turbulent boundary layers are available in the � eld of experimen-
tal investigations1¡6 and theoretical procedures7¡11 using identical
or foreign injectants. Most of these papers deal with heat transfer
measurements, especially in high-speed � ows (Ma1 ¸ 3), to pre-
dict the convective heat � ux density from the thermal energy bal-
ance at the wall.1¡4 There is only a small number of skin-friction
measurements,5 particularly in the case of foreign gas injection. A
survey of several works6 shows large differenceswith respect to the
experimental results achieved, as well as the suggested empirical
correlations.The theoretical handling of a turbulentboundary layer
with foreign gas injection requires the solution of mass, momen-
tum, thermal energy, and species balance equations. When simpli-
fying assumptions (one- or two-dimensional coordinates, mixing
length turbulence model) are introduced, analytical7;8 and numer-
ical solutions9 are given in the literature. Several works10;11 deal
with approximating solutions of the momentum and energy bal-
ance to determine the temperature ratio .Tw ¡ Tc/=.T1 ¡ Tc/ de-
pendingon different factors.The motivationafter analyzingnumer-
ous publications was to create a closed set of simple engineering
equations to describe all effects of interest referring to foreign gas
transpiration.

Table 1 Parameter of measuring section

Parameter Speci� cation

Cross section Height £ width D 100 £ 114 mm2

Static temperature 25 · t1 · 300±C (variable)
Hot-gas � ow u1 · 160 m/s; Ma1 · 0:35; 3 £ 105 · Rex · 3 £ 106

Streamwise length xtotal D 470 mm; 200· xporous · 470 mm
Porous wall Sintered stainless steel, porosity approximately 30%
Coolant gases Air, N2, He, or Ar; PVc · 1100 standard liter (N2 )/min

Boundary-Layer Investigations
Hot-Gas Test Facility at Dresden University of Technology

For detailed experimental investigation of a turbulent, � at plate
boundary layer with transpirationof different gases, a hot-air wind
tunnel was built at the Institute of Thermodynamics.The air is sup-
plied by a blower ( PVmax ¼ 5000 m3/h) and heated using a heat ex-
changer(260 kW) and an electricalheater (100 kW). Figure 1 shows
the schematic con� guration of the test facility. The measuring sec-
tionconsistsof a nearly square � ow channel,and a porouswall made
of sintered stainless steel is installed in the bottom of the channel.
Table 1 gives some general information on geometrical, � ow, and
temperature parameters of this test facility.

Hot-gas velocityand temperatureare in� nitelyvariable; the max-
imum velocity is measured according to a maximum hot-gas tem-
perature. At the entrance of the measuring section, the existing
boundary layer is sucked, a new boundary layer develops at the
bottom of the channel, and transition to a fully turbulent � ow is
initiated by means of a trip wire. Preliminary measurements of ve-
locity pro� les (hot-wire probe) and streamwise wall shear stress
distributions (Preston probe) without blowing yield an excellent
agreement with the turbulent � at plate boundary-layercharacteris-
tics (thickness5 · ± · 12 mm). The coolantgases are supplied from
gas bottlesand � ow into the coolant reservoirbelowthe porouswall.
Figure 1 also shows detailsof the measuringsection includingprobe
support, coolant supply, and pyrometer.

Measuring Equipment
To predict skin friction and heat transfer from boundary-layer

pro� les, the following measurements are required: 1) boundary-
layer velocity pro� les u.y/, 2) local static pressure p1 6D f .y/,
3) boundary-layer temperature pro� les t .y/, 4) wall temperature
of the porous surface tw .x/, and 5) coolant mass � ow density at the
wall ½wvw . To measure the boundary-layer velocity and temper-
ature distribution, a combined sensor containing a static pressure
probe, a pitot probe, and a miniature thermocouple is used. The
static pressure probe consists of a small pipe with holes along the
side (hole diameter 0.2 mm), the pitot probe has a � sh mouth pro-
� le (height£ width D 0:25 £ 2:5 mm2), and the temperatureprobe
consists of a special NiCr/Ni thermocouple (wire diameter 70 ¹m).
This combined probe can be moved perpendicular to the wall as
well as in the streamwise direction (1xmin D 1ymin D 6:25 ¹m) to
enable boundary-layer pro� le measurements in the middle of the
channel along the entire length at the porous wall.

To prevent a disturbance of the coolant mass � ow and there-
with the surface temperature � eld, a contactless temperature mea-
suringprocedurewas chosen.An infraredpyrometer(spectral range
8–11 ¹m) is used, which takes measurements through special win-
dows on the top of the channel. After calibration of the pyrometer
(1tw D §2 K), surface temperatures are measurable in the range
of 25 · tw · 300±C (pyrometer also mobile). Two mass � ow con-
trollers determine the coolant mass � ow supplied from gas bottles
(He, Ar, orN2 ) or an air compressor(measurementof PVc , calculation
of ½wvw assuming ideal gas behavior).

Data Evaluation
There are different problems during the evaluation of measured

data, especially in the case of foreign gas transpiration due to the
strong density variation. The main problems are the prediction of
the density distribution without the possibility of gas composition
measurement and the development of laws of the wall valid for
compressible boundary layers (temperature as well as composition
dependence) considering mass transfer at the wall. To calculate
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Fig. 1 Schematic of hot air test facility at Dresden University of Technology.

velocity pro� les from measured dynamic pressure pdyn, it is nec-
essary to know the local density distribution ½.y/ as a function of
the temperature t.y/ and the foreign gas mass fraction »c.y/. A
special equation to predict the velocity from the dynamic pressure
assuming ideal gas conditions is given for subsonic � ow by

u D

vuut 2·

· ¡ 1
Rm T

"³
pdyn

p1
C 1

.́· ¡ 1/=·

¡ 1

#
(4)

The variable Rm describestheapparentgasconstantof thebinarygas
mixturede� nedas Rm D »c Rc C .1 ¡ »c/R1 . To predict Rm , the con-
centration pro� le was determined using the analogy of momentum
transportand diffusionin a turbulentboundary layer.When the one-
dimensionalmomentumanddiffusionbalanceis integratedonce, the
resulting equations are divided, and Sct D const and »c.y ! ±/ D 0
(at the edge of the boundary layer) are assumed, the correlation of
mass fraction and velocity

»c.y/ D 1 ¡
»µ

2F

c f

u.y/

u1
C 1

¶¿µ
2F

c f
C 1

¶¼ Sct

(5)

is obtained.A simpli� cationof Eq. (5) is possibleassuming Sct D 1:

»c D »cw.1 ¡ u=u1/ with »cw D 1 ¡ .2F=c f C 1/¡Sct (6)

The determinationof the wall shear stress¿w and the convectiveheat
� uxdensity OPqw fromboundary-layerpro� les is possibleusingthe so-
called Clauser method. This procedure is based on the comparison
of measured velocity or temperature pro� les with theoretical laws
of the wall uC.yC/ or tC.yC/ valid for the present boundary-layer
con� guration. When the free parameters c f =2 or OPqw are varied, the
differencebetween theory and experimentcan be minimized.When
the (wall) friction velocity and friction temperature

u¿ D
r

¿w

½w

D u1

r
c f

2

½1

½w

T¿ D
j OPqw j

½wcpwu¿

D St

r
2
c f

r
½1

½w

cp1

cpw

jTw ¡ Tawj (7)

are de� ned, the measured data can be converted into so-called
dimensionless Prandtl coordinates

uC D u=u¿ ; tC D .t ¡ tw/=T¿

yC D ½yu¿ =´; vC
w

D vw=u¿ (8)

with the de� nition of yC using local values of density and vis-
cosity in opposition to other publicationsde� ning QyC D ½w yu¿ =´w .
The consideration of the density (½1=½w ) and heat capacity ratios
(cp1=cpw ) in Eq. (7) is important because ¿w and OPqw are related to
wall conditions in contrast to c f =2 and Stanton number St [related
to the freestream condition, see also Eqs. (1) and (2)]. The density
at the wall ½w is calculated as a function of tw and »cw assuming
an ideal gas and using Eq. (6) (additional coolant exit velocity vw

and vC
w can be predicted from measured coolant mass � ow density

½wvw ).
Figure 2 shows measured velocity pro� les presented in Prandtl

coordinates(symbols) comparedwith a compressiblelaw of thewall
(lines) and an incompressible law (broken line). The compressible
law will be developed in the following; the incompressiblelaw with
blowing is taken from Stevenson.12 Varying wall shear stress ¿w

results in a parallel displacement of the calculated values. The ¿w

value that gives the best agreement represents the local wall shear
stress.

To develop a universal law of the wall for turbulent, � at plate
boundary layers considering blowing and compressibility, the
one-dimensionalmomentum balance equation

½wvw

du

dy
D d

dy

³
´eff

du

dy

´
(9)



194 MEINERT ET AL.

Fig. 2 Comparison of measured and theoretical velocity distributions.

has to be used (including mass balance). The subsequent steps are
to integrate Eq. (9) once, to introduce the boundary conditions and
Prandtl coordinatesand to substitutethe effectiveviscosity´eff (sum
of the molecularand turbulentpart) by means of van Driest’s mixing
length hypothesis.The following equation is the result:

vC
w uC C 1 D ½

½w

³
1 C · 2

m yC2 D2
F

duC

dyC

´
duC

dyC
(10)

The (positive) solution of the ordinary quadratic equation (10) is
given by

duC

dyC
D

2.½w=½/
¡
1 C vC

w uC
¢

1 C
q

1 C 4· 2
m yC2 D2

F .½w=½/
¡
1 C vC

w uC
¢ (11)

The original van Driest damping factor DF has to be modi� ed
for consideration of foreign gas injection at the wall based on a
suggestion by Patankar and Spalding (see Landis9 ) considering the
momentum balance equation (9):

DF D 1 ¡ exp

µ
yC

AC

p
¿=½

p
¿w=½w

¶

D 1 ¡ exp

µ
¡

yC

AC

r
½w

½

¡
1 C vC

w
uC

¢ ¶
(12)

with AC ¼ 26. The density relation ½w=½ is different from unity
(compressible) and de� ned with respect to the temperature and gas
composition dependence as

½w

½
D

T

Tw

Mc C .M1 ¡ Mc/
¡
1 ¡ uC

¯
uC

1

¢
»cw

Mc C .M1 ¡ Mc/»cw

(13)

with »cw taken from Eq. (6). Equations (11–13) permit the numeri-
cally calculationof the velocitypro� le uC.yC/ (Runge–Kuttaproce-
dure) beginningat the wall (yC D 0 and uC D 0). This special law of
the wall is only valid in the logarithmic region of the pro� le because
of the lack of considerationof any wake function. In comparison to
the incompressible law (broken line gives only one point of inter-
section), the derived compressible law shows excellent agreement
with the measured velocity distributions in the nonisothermal case
of argon injection (see results in Fig. 2).

To predict the convective heat � ux density OPqw from experimen-
tal temperature pro� les tC.yC/, a compressible temperature law is
needed. Performing similar steps starting with the one-dimensional

thermal energy balance (neglecting kinetic energy term) and intro-
ducing a mixing length hypothesis to describe the effective heat
conductivity¸eff results in

dtC

dyC
D

µ
½w

½cp

¡
cav

p vC
w tC C cpw

¢¶¿³
1
Pr

C ·m·t y
C2 D2

F

duC

dyC

´

with cav
p D

Z y

0

cp.»c/ dy ¼
cp C cpw

2
(14)

The local heat capacity is de� ned as cp D »ccpc C .1 ¡ »c/cp1 ne-
glectingthe small temperaturedependenceofcp1 (air). By theuseof
Eqs. (12) and (13), the numerical calculationof temperature pro� le
tC.yC/ beginning at the wall (yC D 0 and tC D 0) is possible. Dur-
ing this procedure, the dependenceof binary gas mixture properties
has to be taken into account, especially the nonlinear dependence
of the Prandtl number Pr.»c/ in the case of a helium–air mixture.
A detailed development of the introduced equations (data evalua-
tion and laws of the wall) and a description of the test facility and
preliminary investigationscontaining all necessary information are
given in a work by Meinert.13

Experimental Results
Prediction of Reference Data

The determination of reference skin-friction coef� cients c f 0=2
and heat transfer data St0 without blowing was carried out by com-
paring measured pro� les for the nonblowing case with correlating
laws of the wall, which yields two correlations valid for this spe-
ci� c test facility, c f 0=2 or St0 D f [Re¡0:2

x , .Taw=Tw/n ]. To calculate
c f 0=2 or Stanton number St0 , similar temperature conditions have
to be used (temperature correction), especially the wall temperature
Tw for the blowing case.

Decrease of Skin Friction
As is known from the literature, the decrease of the skin-friction

coef� cient depends on the blowing rate F , the hot-gas and coolant
properties, and the temperature ratio Taw=Tw , respectively. An ad-
ditional in� uence of Mach number Ma1 is noted from several pub-
lications, but could not veri� ed during these investigationsbecause
of test facility limits. An empirical correlationto describe the blow-
ing rate dependence of c f =c f 0 can be derived from the momentum
balanceas shown.14 Adding two universalcorrectionfactorskM and
kT (in the original kM D kT D 1) yields the following equation:

c f

c f 0
D

³
2F

c f 0
kMkT

´¿µ
exp

³
2F

c f 0
kM kT

´
¡ 1

¶
(15)

The introduction of a modi� ed blowing ratio 2F=c f 0 leads to
the elimination of geometrical and � ow in� uences; with increas-
ing blowing ratio an exponential decrease in skin friction can be
stated. An investigation of the coolant property effect on the skin
friction shows a strong in� uence. Figure 3 shows experimental
skin-friction data for an isothermal boundary layer using differ-
ent transpiringgases: helium, air, argon, or freon-12 (CCl2F2 , taken
fromRomanenkoandKharchenko5). The experimentalresults show
an increasing effect on the skin friction with decreasing molec-
ular weight of the blowing gas. The curves in Fig. 3 represent
Eq. (15) under isothermal conditions (kT D 1:0) after de� ning a
new property correction factor based on the molecular weight ratio
kM D .M1=Mc/

0:8 . The molecular weight correction was selected
because of the nonapplicabilityof a viscosity correction.

With respect to the ideal gas equation, the molecular weight
ratio is proportional to the density ratio (t D const ! M1=Mc »
½1=½c ), and thus, a physical background is recognizable. In the
case of a nonisothermal boundary layer, an additional in� uence of
the temperature ratio Taw=Tw is detectable. The present measure-
ments are in very good agreement with a temperature correction
factor of kT D .Taw=Tw/0:8; however, the veri� ed temperature range
was only up to Taw=Tw ¼ 1:5 because of the test facility limits. The
use of this kT de� nition at higher ratios (rocket thrust chambers up
to Taw=Tw ¼ 7:0) is not recommended. A more reasonable sugges-
tion seems to be the use of temperature correction according to the
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Fig. 3 Decrease of skin friction in the case of isothermal foreign gas
transpiration.

Fig. 4 Decrease of heat transfer due to foreign gas transpiration.

current empirical c f 0 correlation. The total accuracy of these mea-
surements has to be estimated with approximately 10% because of
the nonspeci� able accuracy of the derived laws of the wall (Clauser
method).

Decrease of Heat Transfer
A more important problem with respect to practical applications

is the decrease of heat transfer due to (foreign) gas transpiration.
From the simpli� ed one-dimensionalthermal energy balance,a cor-
relation can be derived according to the skin-friction equation (see
Kays and Crawford14). After adding two new correction factors for
property k¤

M and temperature k¤
T in� uence, this equation becomes

St

St0
D .F=St0/k¤

M k¤
T

exp
£
.F=St0/k¤

M k¤
T

¤
¡ 1

(16)

but with respect to heat transfer, there is only a very small depen-
denceon the temperatureratio in the rangeof k¤

T ¼ .Taw=Tw/0:2;:::;0:4.
In contrast,Fig. 4 shows a considerableeffect of coolinggas proper-
ties. The best � t property correction factor according to the present

Table 2 Comparison of correction factors

Coolant M1=Mc cpc=cp1

Helium 7.23 5.17
Nitrogen ¼1 ¼1
Argon 0.725 0.51
Freon 12 0.24 0.716

test data is given by k¤
M D .M1=Mc/

0:6. Using Eq. (16), the lines in
Fig. 4 were calculated.

To describe the dependence of Stanton number St=St0 on
the blowing ratio, two empirical correlations taken from other
publications2;4 are compared for the case of air injection. The � rst
correlation is used by Woodruff and Lorenz2 to describe heat trans-
fer measurements in high-speed � ow (Ma1 · 8) on a � at plate (in
Fig. 4 assuming cpc=cp1 ¼ 1):

St

St0
D

cpc

cp1

F

St0

,"³
1 C 1

3

cpc

cp1

F

St0

´3

¡ 1

#
(17)

The second equation of Fogaroli and Saydah4 results from heat
transfer measurements on a cone (supersonic � ow, air injection):

St=St0 D
p

.F=2St0/2 C 1 ¡ F=2St0 (18)

Neither equation is in good agreement with the present test results;
there is an additional effect of Mach number obviously, which not
could be eliminated by scaling with Stanton number St0 .

Another property correction factor is de� ned by Kays and
Crawford14 as k¤

c p
D .cpc=cp1/0:6, an agreement with the present

factor k¤
M being only given in the case cpc=cp1 D M1=Mc. A com-

parison of these terms in Table 2 for the present coolants shows
that the k¤

c p
correctionwould not give satisfying agreementwith the

present data. Furthermore, the use of constant molecular weights is
more practicable because there is no necessity for a cp reference
temperature discussion.

Modi� cation of the Rannie Equation10

An alternative way to estimate the effect of transpiration is
to calculate the hot-gas side wall temperature Tw directly using
the so-called Rannie equation.10 When the simpli� ed boundary-
layer balances are solved, including the assumptions 1) two-layer-
boundary model (viscous sublayer and turbulent layer), 2) con-
vective wall heat � ux density OPqw equal to the increase of speci� c
coolant enthalpy ½w vwcpc.Tw ¡ Tc/; and 3) coolant temperature
leaving the porous wall Tcw equal to the hot-gas side temperature
of the wall structure Tw , a dimensionless temperature relation is
obtained:

Tw ¡ Tc

T1 ¡ Tc
D exp.¡’Pr¤/

1 C .cpc=cp1/.u1=ua ¡ 1/[1 ¡ exp.¡’/]
(19)

with ’ D ½w vw ya=´ and Pr¤ D ´1cpc=¸1 . Pr¤ is a Prandtl number
containing properties of different � uids, and subscript a denotes
the outer boundary of the viscous sublayer.A detailed development
of Eq. (19) is shown in several publications.10;13 By the differing
from the strategy of Rannie,10 the coordinate ya and the velocity
ua at the edge of the sublayer are predicted from measurements of
the Prandtl coordinatesyC

a D uC
a D 11:5 (determinationfrom special

laws of the wall) carried out by the present author. Introducing the
skin-frictionparameter valid for turbulent � at plate boundary layers
c f =2 D 0:029Re¡0:2

x , a modi� ed Rannie equation results:

Tw ¡ Tc

T1 ¡ Tc
D exp.A’¤Pr¤ F /

1 C .cpc=cp1/.B’¤ ¡ 1/[1 ¡ exp.A’¤ F/]
(20)
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Fig. 5 Measured temperature ratios compared with theory.

with ’¤ D ´t Re0:1
x , A D ¡67:5, and B D 0:51. The constants,as well

as the additional factor ´t , were determined from best-� t investiga-
tions using the present experimental results. A further equation is
suggested from Laganelli11 including an arbitrary modi� cation by
the present author (term cpc=cp1 added):

Tw ¡ Tc

T1 ¡ Tc
D

»
1 C

cpc

cp1

Re0:1
x

2:11

h
exp

±
57:03FRe0:1

x Pr
2
3

²
¡ 1

i¼ ¡1

(21)

Figure 5 shows measurements (symbols) of the temperature dif-
ferenceratiovsblowing rate F for helium,nitrogen,andargontrans-
piration, respectively. The lines represent the modi� ed Rannie10

equation (20), and the inset plots the (best-� t) values for functional
dependence of the correcting factor ´t from the heat capacity ratio
cpc=cp1. The broken lines show theoretical results using the arbi-
trary modi� ed Laganelli11 correlation Eq. (21). Both curves are in
good agreement with the measured temperature ratios.

Critical Blowing Ratio
A well-known phenomenon of turbulent boundary layers is the

� ow separation. As shown in the last paragraphs, the increase of
the blowing ratio F results in decreasing wall shear stress ¿w , but
the exponentialbehavior of Eq. (15) at high blowing ratios does not
describe the reality. Essentially, a critical blowing parameter Fcrit

exists that correspondsto thewall shearstress¿w D ´w du=dyjw ! 0
(� ow separation).

To investigate the separationof � ow due to foreign gas transpira-
tion, a special measuringdevice was used. A wall shear stress equal
to zero is approximatelygiven with zero velocityparallel to the wall
at the probe positionnearest to the wall u.y ! 0/, and this is identi-
cal to a zero dynamic pressure. For this reason, the pitot probe was
positionedat the wall (y ¼ 0:125 mm) while increasing the blowing
ratio F step by step using different injectants. In this way mea-
suring points pdyn D f .F/ are obtained. To compare different � ow
and transpirationconditions, the dynamicpressurewas scaled using
pdyn;0 (without blowing) and plotted vs a special modi� ed blowing
parameter (Fig. 6).

All test data are in good agreementwhen using a special property
correction factor k¤¤

M D .M1=Mc/
0:9 and a temperature correction

factor k¤¤
T D .Taw=Tw/0:5 (only small in� uence). The approximat-

ing function shows a point of intersection with the x axis at (k¤¤
T

neglected)

.2Fcrit=c f 0/.M1=Mc/
0:9 ¼ 5:0 (22)

Fig. 6 Measurement of � ow separation due to foreign gas transpira-
tion.

Fig. 7 Comparison of numerical and empirical skin-friction and heat
transfer results.

This point indicates � ow separation, and the effect of foreign gas
properties is excellently accounted for. Many publications dealing
with � ow separation problems are known; the suggested values of
the modi� ed critical blowing parameter are in the range of 3:5 ·
2Fcrit=c f 0 · 6:0 (different injectants). A survey of several investiga-
tions was given by Kutadeladse and Leontiev.15

Numerical Investigations
The numerical solution of the turbulent boundary-layer balance

equations (mass, momentum, thermal energy, and diffusion) pub-
lished by Landis9 was used to carry out skin-frictionand heat trans-
fer calculations in the case of foreign gas transpiration. Some of
the assumptions included in this procedure are 1) two-dimensional
� at plate turbulent boundary layer, 2) use of the mixing length hy-
pothesis of van Driest to describe turbulent viscosity, 3) turbulent
Prandtl and Schmidt numbers are constant (selected Prandtl num-
ber Prt D 0:87 and Schmidt number Sct D 0:8), and 4) discretization
using central differences. Some modi� cations of the original algo-
rithm (for instance, new property routines and modi� ed processing
sequence) yield a very good agreement with present experimen-
tal skin-friction and heat transfer results. For this reason extensive
calculations have been carried out.

Figure 7 shows a selection of skin-friction and heat transfer
data comparing numerical (symbols) and empirical results [lines,



MEINERT ET AL. 197

Eqs. (15) and (17) including factors kM and k¤
M ]. The agreement is

very good using H2 , He, CH4 , N2 , and Ar as blowing gases. Further
investigations using heavy gases such as CO2, SO2 , Freon 12, and
Xe give an unsatisfactoryor no agreement. However, in this regard
it has to be stated that there is also no agreementof numerical Freon
12 results and experimental data5 (see Figs. 3 and 4). Perhaps the
insuf� ciency of heavy gas calculations has to be traced back to an
incorrect determination of the binary gas mixture properties; how-
ever, there is no practical application for the use of such gases for
transpirationcooling because of their inef� ciency.

Combustion Chamber Investigations
Test Facility and Model Combustor

Two facilities are availableat DLR, German Aerospace Research
Center, in Lampoldshausenfor investigationsin the � eld of transpi-
ration cooled combustion devices. For fundamental research, there
is the M3 Micro Combustor3;16 with pressures up to 2 MPa. The P8
is a test facility for research and technology studies in the � eld of
high-pressure liquid oxygen/gaseous hydrogen (LOX/GH2) rocket
combustion devices. The high-pressure combustor in use for the
present experiments (see Fig. 8) consists of up to six independent
caloric cooled segments with an inner diameter of 50 mm and a
length of 50 mm. Although the startup transients last only a few
seconds, the typical test durationfor the experimentsreportedvaries
between 15 and 20 s.

Hot-Gas Conditions
Compared to the operating conditions for the previous experi-

ments at DLR, German Aerospace Research Center, which were
performed with the M3 Micro Combustor, the Reynolds numbers
which can be achievedwith the P8 are about one order of magnitude
higher. The combustion chamber pressure can be varied from 4 to
10 MPa keeping the mixture ratio of oxygen and hydrogen constant
at ROF D 6:0. When chemical equilibrium is assumed, the combus-
tion chamber temperaturevariesbetween 3520· T1 · 3640 K. Be-
cause the operatingconditionsat the P8 test facilityare quite similar
to the real rocket engine conditions,one can demonstrate the effec-
tiveness of transpiration cooling at relevant boundary conditions.
The hot-gas conditions for a porous segment with 31% porosity are
given in Table 3.

Table 3 Hot-gas conditions at P8 test facilitya

Parameter Different runs

T1 , K 3520 3574 3611 3639
½1 , kg/m3 1.706 2.537 3.341 4.134
cp1 , kJ/(kg ¢ K) 11.20 10.45 9.96 9.59
Red £ 10¡5 2.78 4.32 5.46 6.92
p1 , MPa 3.8 5.7 7.6 9.4
PmO2 , kg/s 0.828 1.295 1.765 2.236
PmH2 , kg/s 0.138 0.216 0.294 0.373

aROF D 6.00, Pr1 D 0:586, and pore size 5 ¹m.

Fig. 8 Modular LOX/GH2 model combustor B at the P8 test facility
at DLR, German Aerospace Research Center, in Lampoldshausen.

Table 4 Coolant conditions at P8
test facilitya

Parameter Value

Pmc , kg/s 0.037–0.100
F £ 10¡3 6.2–26.7
vc , m/s 1.47–5.28

aTranspirant GH2, Tc D 300 K.

Fig. 9 Test results of transpiration cooled LOX/GH2 combustion
chamber.

Coolant Flow Conditions
Thus far only GH2 at ambient temperaturehas been used as trans-

pirant at various mass � ow rates. Different mass � ow rates can be
reached by adjusting the set pressure of the supply system and the
diameter of a sonic nozzle in the supply system accordingly. The
operating range of the coolant is given in Table 4.

Experimental Results
To check the applicability of empirical results presented, about

25 experiments have been realized. Tests were carried out at vari-
ous combustion chamber pressures and two different wall porosi-
ties of 20 and 31%, respectively. The experimental results for
31% porosity are shown in Fig. 9, where the temperature ratio
.Tw ¡ Tc/=.T1 ¡ Tc/ is plotted vs the blowing ratio F for different
Reynolds numbers Red . The results may be summarized as follows.

1) For the entire range of Reynolds numbers Red and porosi-
ties covered experimentally, the temperature ratio increases with
decreasing blowing ratio F .

2) Larger Reynolds numbers, which correspond to higher com-
bustion chamber pressures, yield higher temperature ratios.

The decreasingtemperatureratio with increasingblowing param-
eter is a generalstatement;the in� uenceof theReynoldsnumber Red

can be described using a modi� ed equation similar to Eq. (16) in-
cludingk¤

c p
andk¤

T D 1 addinga specialempiricalcorrectionfactor.16

To compare the combustion chamber test data with the intro-
duced modi� ed empirical correlation Eq. (16), the transformation
of temperatureratio data .Tw ¡ Tc/=.T1 ¡ Tc/ intoheat transfercor-
relations St=St0 is necessary. For this reason, a simpli� ed energy
balance is used, including the assumptions of Rannie10 (especially
Tcw D Tw ):

St½1u1cp1.T1 ¡ Tw /| {z }
convective heat � ux

D ½wvwcpc.Tw ¡ Tc/| {z }
coolant enthalpy increase

(23)

(hot-gas temperature Taw ¼ T1 ). Multiplying Eq. (23) by Stanton
number St0 and rearranging yields an equation to predict St=St0
depending on the temperature ratio:

St

St0
D

F

St0

cpc

cp1

³
T1 ¡ Tc

Tw ¡ Tc

¡ 1
¡́1

(24)

The Stanton number without transpiration is calculated using an
empirical correlation valid for combustion devices16 including
temperature correction.
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Fig. 10 Transformed heat transfer data of P8 test facility.

Heat transfer data with hydrogen transpiration corresponding to
Fig. 9 are shown in Fig. 10. Because of the very strongblowing con-
ditions, the Stantonnumbersare only in the rangeof 4% of unblown
reference data. The heat capacity cp1 is related to a property refer-
ence temperature Tref D .T1 C Tw/=2 according to the St0 Stanton
numberde� nition.In the case of cp1 D f .T1/, the Stantonnumbers
increase to approximately 10% of the unblown reference data be-
causeof the strong temperaturedependenceof hot-gasheat capacity
cp1. The experimentalresultsplotted in Fig. 10 show the disappear-
ance of convective heat transfer in the case of � ow separation due
to high blowing ratios.

After substracting 5% radiative heat transfer due to H2O vapour
radiation (molfraction approximately 60%), the resulting Stanton
numbers are equal to zero, which is feasible because Stanton
number does not include radiative heat transfer. When the critical
blowing criterion Eq. (22) is considered and the Reynolds analogy
c f 0=2 D St0 is assumed, the present critical (modi� ed) blowing ra-
tio in the case of H2 transpirationgives Fcrit=St0 ¼ 1 .M1=Mc ¼ 7/.
For this reason there is probably no classical boundary layer but
rather a � lm consistingonly of coolant at the wall. The coolant � lm
thickness increases with increasing blowing ratio.

On examination of the plotted empirical results, strong differ-
ences are visible. The present correlation [Eq. (16) with k¤

M and
k¤

T D 1] shows a good agreement because it describes the vanishing
of the convectiveheat transfer.The equationofKays and Crawford14

[Eq. (16) with k¤
c p

and k¤
T D 1] also gives a satisfactory agreement

becauseof M1=Mc ¼ cpc=cp1 in the case of H2 coolant.The agree-
ment of the Woodruff and Lorenz2 equation [Eq. (17)] is poor.

Summary
Transpirationof gas througha porouswall into a turbulentbound-

ary layer has a strong in� uence on boundary-layer characteristics,
particularly skin friction, including � ow separation and heat trans-
fer. This in� uence dependsprimarilyon the blowing ratio, as well as
the blowing gas properties.Secondary effects are given due to tem-
perature ratio and Reynolds number. It was shown that the impact
of coolant properties can largely be taken into account by using the

molecular weight ratio M1=Mc . In the case of high blowing ratios,
the boundary layer separates, and a coolant � lm probably develops.
There is no danger of thermal overheating,but the necessity of such
high blowing ratios has to be questioned.
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