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Research in heat and mass transfer has received a strong impetus by new en­
gineering developments and has therefore grown considerably in recent years. Thia 
1s, for instance, evidenced by the fact that the last one of the yearly reviews 
published in the International Journal of Heat and Mass Transfer contains app~oxi­
mately 500 references selected from more than double the ntimber of published pap­
ers (ref. 1). A survey of recent papers and books from the Soviet Union lists 259 
references (ref. 2). consequently, the time available for this lecture permits 
only to discuss in general terms some highlights in the recent research and in the 
newer problems presented by engineering developments. The list of references at­
tached to this paper will be helpful for a more detailed information on the sub­
jects discussed. The availability of reference literature (refs. 1 to 3) may also 
be pointed out. 

Heat conduction 

Considerable attention has been directed in recent years to obtain new solu­
tions or to describe new methods of attach on conduction problems. This situation 
has been created by the fact that new engineering developments required consider­
ation of new and more involved boundary conditions and also that the availability 
of electronic computers made such solutions possible. The real challenging prob­
lems, however, are situations in which heat conduction is interrelated with con­
vection and possibly radiation. An example for such a situation may be discussed 
with the help of Fig. 1, which is a schematic sketch of an ablation cooling pro­
cess. In this cooling method, a material which sublimes or decomposes under the 
influence of heat is used to protect the surface of vehicles re-entering from 
outer space through the atmosphere to the earth against the heat of friction 
created in the boundary layer which surrounds the object. Some of the materials 
used for ablation cooling are composed of a matrix of a temperature-resistant sub­
stance like asbestos or ceramics and an ablating substance, for instance, some 
plastic. Under the influence of a convective heat flux q

0 
and a radiative heat 

flux qr into the surface, the plastic material decomposes and its surface recedes 
with a velocity Va, leaving the matrix through which the gas created by the abla­
tion process flows with the velocity Vg• The low heat conductivity of the matrix 
keeps the heat flow into the interior small. Further cooling of the matrix and a 
reduction of the convective flow into the surface is provided by the gases created 
in the ablation process. It is easily seen that in this procQss conduction, heat 
convection, and mass transfer processes are interrelated. Ad~itionally, heat 
sources or sinks are provided by the phase changes and the chemical reactions 
oocurrlne (ref. 4), In some materials, the radiative heat flux qr is only gradu­
ally absorbed while penetrating into the ablating material. This combination and 
interrelation of various transfer processes is characteristic for many situations 
in new applications. 

Heat Convection 

Channel flows as well as boundary layer flows offer such a variety of boun­
dary conditions that they are far from being completely investigated. An area 
in channel flow which has recently received attention is connected with ducts of 
non-circular cross-sections. It was found that the flow and heat transfer char­
acteristics in such a duct are significantly different from those observed in 
circular pipes, especially when the cross-section contains corners with small 
opening angle. Fig. 2 shows as an example the results of measurements for fully , 
developed turbulent flow through a duct the cros s-section of which has the shape 
of an isosceles triangle with base to height ratio 1:5 (ref. 5) . The measured 
results indicated by the open circles and triangles are compared with the Nusselt 
numbers Nu which would be predicted from measurements in a circular pipe of the 
same hydraulic diameter. It can be recognized that the prediction would over­
estimate the heat transfer by a factor of two. The actual heat transfer in such 
a cross-section depends strongly on the boundary condition around the periphery of 
the duct, for instance, whether a constant wall temperature or a constant heat 
flux from the duct wall into the fluid is prescribed. The boundary condition for 
the results in Fig. 2 was between the two extreme cases which have just been 
measured. Ducts of similar shapes have been used or are considered for coolant 
passages in nuclear reactors and in gas turbines. The differences between non­
circular and circular ducts are less pronounced when the cross-section has only 
large angle corners (ref. 6). 

A situation in boundary layer flow which has found special attention only 
recently is connected with heat transfer in reg·ions where the flow has separated 
from the surface. This occurs, for instance, at the downstream part of blunt 
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._jeot's · op·:-,ii1ict~ teja-1n~· the · aurface contour. F 1g. 3 sketches· suoh a heat 
i Paaater situation. !he boundary layer which arr1vea in its downstream movement 
at the corner of the atep aeparatea from the surface and re-attaches again only 
further downstream. The region between this boundary layer and the surface is 
f illed vith a rotating body of flu.id (dead water region). A second boundary 
l ayer 1a ~reated batveen thia dead water and the surface. Heat transfer from the 
wain stream to the bodj surface behind the step hes therefore to overcome two 
Ns1s~anoes in aerie•: one 1n the separated boundary layer and one in the at­
tached bounda17 layer. A large variety of flow situations may exist depending on 
the Reynold• and Mach ~umber of the flow. The boundary layers may be laminar or 
turbulent. or transition to turbulence may occur in the boundary layers. The body 
of • eparated fluid may also be laminar or turbulent or in fluctuating unsteady 
motion. Thi• complicates an understanding and analysis of the heat transfer 
process .considerably. Nevertheless, analytical approaches for some of the flow 
oond1t1ona were quite successful (refs_. 7, 8). 

It ia the opinion of this lecturer that the most significant advance in the 
creation ot a science of heat transfer was caused by the concept of a constant 
property fluid introduced by Wilhelm Busselt in 1916 and that teaching of heat 
tranater haa to be baaed extensively on the model of a constant property fluid. 
Bev engineering developments, on the other hand, have created many situations 
vhere large property variations exist. such variations cause no principal diffi­
oultiea in laminar flow but make the equations describing this situation much more 
complicated. Only the advent of electronic computers made solutions to such prob­
lems tractable. For turbulent flow the question arises whether the turbulent 
transport properties, tor'instance the d1ffusiv1ties for mementum and heat, are 
ohanged in the presence of local property variations. From the results of analyse! 
1t appears that this is not the case even in the presence of strong property vari­
ations. Fig. 4 compares the results of experiments with theoretical predictions 
tor heat transfer connected with turbulent flow of carbon dioxide in the critical 
and super-critical region through a tube (ref. 9). The properties involved in 
the heat transfer process vary very strongly in the neighborhood of the critical 
region. The parameter on the curves is a measure of the intensity of the 
property variations and the good agreement between analysis and measurement sup­
ports strongly the assumption that the transfer properties were ·not influenced 
by the property variations connected with these temperature differences. This 
does not hold any more in the irnm~diate neighborhood of the critical sta te. I n ­
vestigations on free convection heat transfer with a Zehnder-Mach interferometer, 
on a vertical_plate exposed to carbon dioxide within

0
one degree to i ts crit i cal 

atate and with temperature differences of order 0 .01 C, made it poss i ble to cal­
culate the thermal conductivity (ref. 10). The remarkable conclusion has to be 
drawn from the results that the thermal conductivity does not only depend or 
temperature and pressure, but also on the intensity of the heat flux. Simi ar 
observations had been made before but had been attributed to convection eff ects 
which can be excluded in the present investigation. This is only one i ndic r. t i on 
that an underatand1ng of the critical state is still almost non-exj stent. 

Through many years, convective heat transfer had been studied almost exclu­
·aivel for steady state situations. This is justified by the fact that very rapi d 
chang!s of the boundary conditions are required to produce heat transfer coeffic­
ients which are significantly different from steady state values. Nevertheless, 
new a plications have raised the question on the limit for the use of steady state 

1 p Fig S shows the results of another interferometric investigat i on of free 
!~n::~tion h;at transfer to a vertical place under t he condition that suddenly ·a 
locally uniform heat flux from the surface into the surrounding water is started 
(~ f 11) The measurements essentially indicate that f or t he initial period, 
he:t•is t;ansferred into the fluid by unsteady conduct i on and t hat the subsequent 
transition period to steady state is quite short. 

H t transfer connected with boiling or condensation is an area which is still 
unders~~od only partially in spite of the intense research effort which has con­
tinuously been devoted to this process. The problems and research attempts in this 
area are actually 80 large that they cannot even be sketched in this lecture. For 
a discussion of the physical processes involved and of the analytic attempts .wh~ch 
have been published, the reader is referred to the attached references 12 and 1 • 
It is the feeling of this lectur~r that the creation of concise and consistent 
models is still lacking in the analytic investigations. Boiling and conden;ation 
of liquid metals, for instance of mercury, and the influence of gravity on ree 
convection boiling are subjects which deserve special attention. 

Mass Transfer 

A discussion of mass transfer should certainly start with th~ an~l~gyw~!~w~n 
heat and mass transfer processes which has originally been pointe ou y lel 
Nusselt ·in 1916. This analogy permits to predict mass transfer situations so e Y 
from information on an analogous heat transfer process especially when the massi 
transfer rates and the temperature differences involved are small. Recently th s 
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0 !7 has been extended by Russian and American acienti1ts to oover • ituation• 
in th ~ge mass transfer rates, large temperature differences chemical reaction• 
1 ~ luid, and also especially at high temperature levels (ref 14) The ana­a~:Y ncludes processes in which heat and mass transfer are inter;elat;d. They 
t e;pecially useful for gases and will be discussed on the example ot ma11 nJ~8 er from a surface into a gas flowing over it, thus creating a two-component 

x ure!in the laminar boundary layer. Eq. (1) in Fig. 6 describes a ma11 tlu 
vector mi for the component 1 in the mixture, that is, the tass flux per unit time 
and unit area of a plane arbitrarily located within the two-component fluid. The 
~irst term on the right-hand side of the equation describes the mass flux by dif• 
uaion as a consequence of a gradient wi of the mass fraction of the component 1. 

~lf is the mass diffusion coefficient and the mixture density. The second tem 
8 cribes the convective tr~sport ot the component i with a density as a con-

sequence of a movement of the mixture with the velocity v through the 1plane under 
consideration. Mass transfer is also created by coupled effects like thermal dif­
fusion, pressure diffusion, or diffusion as a consequence of body forces. These 
effects.are generally small and are not spelled out 1n Eq. (1). A heat flux 
vector q (heat flow per unit time through a unit area} will also exist and is de­
scribed by Eq. (2). The first term on the right-hand aide ot this equation des­
cribes heat transfer by conduction as a consequence of a temperature gradient T. 
The second term describes the transport of enthalpy hi connected with the dittuaion 
mass flux of the components involved. The third term describes transport or the • 
enthalpy h of the mixture as a consequence of the mixture mass flow V through 
the plane under consideration. Additional terms appear again as a consequence of 
coupled effects described by irreversible thermodynamics like thermodiffuaion. 
Eq. (2) can be ~e-written in a different form. when the gradient of the temperature 
Tis replaced by the gradient of the mixture enthalpy h (Eq. (3)). Thia equation 
is especially useful tor a fluid with a Lewis number Le equal to one, because the 
second term drops out in this case. The Egs. (1) to (3) have been written in a 
form which is most useful for mass transfer situations where conduction and con­
vection occur simultaneously. 

The boundary layer Eqs. (4) and (5) of Fig. 6 are obtained by a mass balance 
of the individual components and by an energy balance on a volume element located 
within the boundary layer. Chemical reactions occuring within the boundary layer 
destroy or create one or the other component and appear, therefore, in the maaa 
balance of Eq. (4) as a source term Ki. The energy Eq. (5) has been written in 
terms of the total or stagnation enthalpy hs (containing kinetic energy as well aa 
internal energy}. The first term on the right-hand side of this equation describes 
essentially heat transport by conduction; the second term, heat generation by 
viscous dissipation which becomes important in high velocity flow; and the third 
term is concerned with enthalpy transport by mass diffusion. From Eqa. (4) and 
(5) one comes to the similarity considerations by two important steps: The first 
one entails writing the mass balance for the chemical elements involved instead of 
the two components; thus w may indicate the mass fraction of the element i in the 
mixture regardless whether1the element appears as such or in the chemical compound. 
No chemical element is created or destroyed in a chemical process, and aa a conse­
quence the source term K1 vanishes 1n Eq. (4) when it ls written for the chemical 
element. The second step assumes that, for the fluid mixture under consideration, 
the Prandtl number Pr as well as the Lewis number Le are both equal to one. Eqs. 
(4) and (5) simplify then to Eqs. (6) and (7) which can be recognized to be com­
pletely similar. As a consequence, analysis of mass transfer processes and of 
combined mass and heat transfer processes becomes much simpler because the moat 
difficult elements in such an analysis can often be taken over from known solu­
tions of an analogous heat transfer situation. Proper boundary conditions have 
of course to be considered in such an analysis which may include chemical processes 
occurring at the surface. It should be mentioned that the mass and energy oonser­
vation equations alone do not describe the transfer problem completely. A momen­
tum equation and e~uations for the thermodynamic and transfer properties have to 
be added. The analogy, however, holds independent of these. It has become es­
pecially useful in an analysis of problems like combustion or heat transfer to re­
entering vehicles as mentioned in the section on Conduction. Approximate rela­
tions have also been developed which extend the analysis to situations with Prandtl 
and Lewis n11mbars dlff erent from one (ref. 14) • 

Coupled effects have been neglected in the discussion up to now because they 
are unimportant in many mass transfer situations. Recent studies (refs. 15, 16), 
however, have demonstrated . that one has to be careful in this respect. Thia will 
be discussed with the help of Fig. 7 which presents the results of the following 
experiments (ref. 16). A cylinder with porous surface was exposed on its outside 
to a flow of air in axial direction at a Reynolds number which created a turbulent 
boundary layer. Helium was injected from the inside of the cylinder through the 
porous surface into this boundary layer. A difference in the temperature with 
which the helium was fed into the cylinder and the air temperature Tg:r,, -outside .of 
the boundary layer could be adjusted by pre-heating or pre-cooling or the helium. 
Fig 7 presents the heat flux q through the porous surface as a function of the , 
difference between the wall pur1ace temperature Tw and the air temperature T00 
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wi th the specific ma~a fiow m of the helium as parameter. One aeries or measure­
me.,:1.t s made vi th air instead or helium injection la also entered as dashed line. ; 
The heat flux qv is defined as the · sum or the first two te~s 1n Eq. (2). The · 
striking feature in this figure ia the observation that · the heat flux bec·omes zero 
at a finite temperature dift"erenc.e T · - TOQ. and 1 t is believed that this is· a ·con- .. 
sequence of the fact that concentrat!on d1rt"erences within the boundary layer. ap-. 
pear through thermodiffusion as 'driving force _in addition · to condµotion. Another 
consequence of this interplay of driving potentials is the fact that a .finite dif-. 
terence between the· wall surface· tempe·rature Tlil and the air temperature Tcx, exists 
when the helium is admitted into the po~ous_ cyi-inder at a temperature T-00 equal to 
the temperature 1n · the outside air fl.ow. This situation is marked in the .figure , 
by croaaes and it can be .recognized that the wall temperature may ,be \lP to almost 
30 degrees high.er than both the helium end the .air temperature~, depending .on ·the 
injection rate of the helium. Similar effects have .also been .observed in laminar 
boundary layers for forced and free oonvect16n. . . ' 

An area in which investigations have recently started . . are transfer processes 
1n a gas plasma. In such a plasma, the temperature 1.s so ·high that dissociation 
and ionization occur. Transport processes in such a situation are therefore ·most 
involved because mass transfer processes are interrelated with heat transfer, 
chemical reactions occur, at least three-component mixtures . of neutral atoms~ ions·, 
and electrons are involved, and electric as well as magnetic body toroea in.flue~c~ 
the flow. An example or a recent experimental investigation in this area is shown· 
in Fig. 8 which presents and analyzes the local heat flux di~tribution into a · 
water-cooled anode ot an electric arc burning in argon (ref. 17). It can be ~ecog·• 
nized that only a small portion of the specific heat flux q_ into the anode surfa·ce · 
la caused by convection of the atom gas. Convection of the e.lectron gas ., which . .-
is generated at the cathoqe and absorbed by the anode, contributes approximately .· 
an equal fraction and the -rest -is due to energy released when the electrons en~er 
the anode material (similar to a heat of condensation). The heat flux q ind!- · 
cates the electrical energy which is converted into heat within the currint. tube 
ending at the anode location Wlder consideration. It may be recognized that the 
majority o.f the electrically generated heat enters the anode surface. This- is 
the reason f ·o~ the many burnouts occurring in electrically heated plasma genera­
tors at the anode surface. The heat fluxes q occurring at the anode surface on. 
spots at which the arc strikes are among the largest kr;l.own in any engineering ap­
plication. 

Radiative Heat Transfer 

An important tool in all radi.ative heat transfer calculations is the . shap.e 
or angle factor. Graphical, mechanical, ·and optical means have been. described, 
in addition to analytical methoqs for its calculation. The analysis can, in •many 
cases, be considerably simplified by converting an area integral describing the 
shape factor into a line integral (ref. 18). · . 

The network method for the solution of radiative heat transfer problems . in 
enclosures, which lumps emitted radiation together with the reflected parts, is 
of such advantage that it has been introduced into practically all recent books 
on heat transfer. The analogy to electric circuits, illustrated in Fig. 9, gives 
in many situations without analysis a feeling for the heat flux distributions oc­
curring in such a transfer process. The network method is applicable ·to enclosures 
the surfaces of which emit radiation according to Lambert's cosine law and which 
reflect diffusely. ·Many engineering materials, on the other hand, have surfaces, 
the reflection of which comes closer to a specular than to a diffuse character. 
some measured directional distribution curves of reflected radiation are show:n in 
Fig. 10. In enclosures with specularly reflecting surfaces, the analytical ap­
proach has to be different and has to consist of summation of -the first, second, 
third and so on reflections. The analysis is simplified when one introduces the 
optic~l images as shown in Fig. 11 in which l (3), 2 (3), and 4 (3)denote the 
optical images of the diffuse surfaces 1, 2, and 3 created by the specularly re­
flecting surface 3 (ref. 19). This image method can be combined with the network 
method for enclosures consisting partially of diffusely and partially of specular­
ly reflecting surfaces (ref. 20). The network method is actually an approximation 
to the integral equations which in principle describe radiative transfer proc~sses. 
It is important to obtain exact solutions to the integral equ~tions for a few 
simple situations in order to get a feeling for the errors which may be introduced 
in the network method. several recent papers have started to formulate radiative 
heat processes in this form including the scattering mechanism in a radiating-ab­
sorbing medium filling the enclosure (ref. 21). Engineering analyses usually 
attack problems in which radiative energy occurs simultaneously with ot~er trans-
fer mechanisms like conduction or convection in such a way that the various con­
tributions are calculated separately_ and that the total ener~y t~ansfer is ob~ 
t i d by a 

8
,1mmati·on of the individual p9.l'ts. In reality, s1tuat1ona are · en­

c~~~ered in ;hich the various transfer processes interact. Such. interaotions 
nave been studied for a few cases in the rece~t past (ref. 22). 
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. At the end of our discussion we will return to the molecular and convective 

.trans_port processe·s with a brief .revie·w· of. the. similarity . between radiative and 
molecular transport (ref. 23). We can consider radiative transport a~ caused by 
the movement . of photons in a - stmi,lar way as energy, mas.s , ·. or momentum tran.sport . 
is caused by the movement · of molec~les. ·Fig. 12 illustrates this similarity by 
considering Couette flow or h~a.t conduct~ori in a ·· r.are.f;'iEtd gas bet-we.en two parallel 
walls on one hand, and radiative energy transf'.er in a radiating and · abs·orb·ing · 
medium between: .two· parallel wal:)..'s which ·are non-transmittin•g on the other hand· • 

.. · The temperature or velocity varl.ation ·be.tween the · two wal.ls : .f~llow a ·stra·ight line •, 
as i~dicated in Fig. 12a, as long as the ·ratio of the me·an free path •length is 
v_ery small· com'Pared to the di stance L of . tpe ~wo . wtlls. Wi_tp ~nc~asing path 
length, temperature or velocity still exhibits the linear vari·ation within ·the· gas; 
however, a slip of the velocity or a temperature . jump can be obser~ed in the im­
mediate neighborhood of both wall surfaces (fig. 12b). For situations, on the 

· other hand, in which the mean free path . length is · large compared · to the . distance 
L, velocity or temperature in the gas .is uniform (F.ig. 12d). The terms. for the 
correspond i ng regimes are indicated ·above the figures. c.ompletely analogous ai tu-· 
ations exist for the radiative transfer process. The black:-body emissive power 

• • 

eb has now to be_ considered instead of the velocity or temper·atur~. T~1s emisai ve 
power drops linearly .in the absorbing and radiating medium as long as the free 
pe t h lengt h of the photons i ·s small compared t'o .the dist~ce L. Jump~ near the 
surface of the two walls .occur with increas.ing photon path length. The variation 
in the ·absorbing medium 1 tself d·.e·cr.eases toward~, zero when the 'photon path ·1eng.t h 
gets l e rger and larger. Tl1e terms.· t:or the.se regim~ s are 11 st.ed . belo,w tne · figures. 
This ~imilarity is very helpful in unifying tbe conc,pts. for· .transfer processes. 
a ncl such a unification and ·. interrelation of the . c9ncepts- I w9uld conside·r as. one 
of tl1e most essential' requirements of Ei. good . co~ae in transfer processes • . 
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MASS AND HEAT TRANSFER EQUATIONS : 

• mi= - P D,2 Vwi + Pi V + COUPLED EFFECTS (I) 

• q=-k VT - p D12 Ihi Vwi - pVh + 11 11 (2) 
r 

=-!_ Vh-(Le-·l)Ih·Vw·-pVh+ 11 11 (3) Cp I I 

BOUNDARY LAYER EQUATIONS: 

p (u 0~ + V OWj ) = a (PD oWj) + K · (4) ax . . . 0 y O y ,2 a y , 
• 

P (u ohs+ v ohs)= a (.l!::._ ohs)+ o fµ.(i-1-) a (..Y.)2 ] ox iJy iJy Pr iJy iJy ~ Pr iJy 2 

' 

• 

iJ [ ( I ) iJ Wj] + oy PD,2 '~Ce Ihi ay (5) 

~ ~ ~ 
p (u iJWi + V iJWi) = iJ (µ. OWj) . ax ay ay ay (6) 

p (u ohs + v ohs)= o fµ. ohs) ax ay ay~ oy (7) 
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