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Abstract-An investigation of the thermal drag phenomena is conducted both analytically and exper- 
imentally. The existence of thermal drag gives rise to the decrease of both the mass flow rate and Mach 
number in the flow systems. Defining the thermal drag coefficient C, and dimensionless heating number 
He, an approximate correlation between them is obtained for one-dimensional, inviscid duct flow with 
simple heating. The dependence of the ratio of friction-caused pressure drop APf to heating-caused AP, on 
the heating number is presented for turbulent duct flow, and clarifies the relative importance of the thermal 

drag to the viscous drag for different heating intensity. 

1. INTRODUCTION 

HEAT TRANSFER and fluid flow appear simultaneously 

in many problems of engineering interest, such as heat 
transfer equipment used in the power, chemistry, and 
metallurgical industries. Because of the great influence 
of fluid flow on heat transfer, fluid mechanics is usu- 
ally regarded as the basis of convective heat transfer 
in research work, as well as in university teaching. As 
a result, a large body of research papers has been 
contributed to it. In the meantime, only few people 
paid attention to the reverse effect, that is, the effect 
of a thermal process on fluid flow. If any, this reverse 
effect was usually summed up as the influence of vari- 
ation of fluid properties with temperature. In the exist- 
ing literature there were three schemes for taking 
account of the variable property effect : (a) reference 
temperature method or property ratio method, of 
which the core lies in making a correction to the 
constant property results (friction factor Cf, Nusselt 
number Nu, etc.) [l-5] ; (b) transformation of vari- 
ables, such that the effect of fluid property variations 
in governing equations can be diminished, even elim- 
inated in rare cases [67] ; (c) numerical approach, the 
equations for the coupled flow being solved numeri- 
cally to obtain the flow and temperature field and C, 
Nu as well [8, 91. The present work devotes itself to 
investigating the heating effect on the flow properties 
in duct flow with an emphasis on its physical mech- 
anism and quantitative description as a class effect. 

2. THERMAL DRAG 

It is a well-known fact that the frictional shearing 
stress inevitably creates a pressure drop in viscous 
duct flows. Similarly, the heat addition to the inviscid 
duct flow may also cause a pressure drop along the 
flow direction. Abramovich [lo] indicated the press- 
ure drop due to heating in the one-dimensional, invis- 
cid duct flow, and referred to the stagnation pressure 
drop as the thermal drag without further analysis. 
Shapiro [ 1 l] investigated the choking phenomenon in 

duct gas flow caused by various factors, including the 
heating effect. Based on the solution of the governing 
equation for the one-dimensional duct subsonic flow 
with simple heating. The physical mechanism of ther- 
mal drag and its influence on the behaviour of gas 
flow in a duct was clarified in refs. [ 12, 131. 

2.1. Physical mechanism 

Consider a case, as shown in Fig. 1, where a con- 
stant area duct with heat generation in it is fed by an 
extensive vessel at pressure P,, which is greater than 
the back pressure P2. Thus, a continuous gas stream 
from the vessel through the duct to the ambient 
occurs. Under the simplifications that (i) there is no 
heat and work exchange between the system and 
environment ; (ii) viscosity is negligible ; (iii) the flow 
is one-dimensional, the gas flow in the duct can then 
be described by the following one-dimensional, steady 
and inviscid conservation equations by means of flow 
properties at sections 1 and 2 : 

continuity 

PIV, = p2v2; (1) 

momentum equations 

p,+p,v: = P,fp,Vf (2) 

I Homogeneous heat source 

4 “2 

FIG. 1. One-dimensional drag in the constant-area duct. 
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cross-section [m “1 
friction drag coefficient [dimensionless] 
specific heat capacity at constant 
pressure [J K - ’ kg _I ‘1 
thermal drag coefficient [dimensionless] 
total drag coefficient [dimensionless] 
diameter [m] 
enthalpy [J] 
heating number [dimensionless] 
arc current [A] 
ratio of specific heats [dimensionless] 
length [m] 
Mach number [dimensionless] 
mass velocity [kg s - ’ m _ ‘1 
pressure [N m -_ “1 
Prandtl number [dimensionless] 

[ 

M2 A.‘,P- Ii 

P,=P, 1+(&l)+ 1 ; (3) 

energy equations 

CT+!?+*=C7-+it 
PI 2 L P-J 2 (4) 

C,T, = C,T,+ q (5) 

where T, P and V represent gas temperature, pressure 
and velocity respectively, subscripts 1 and 2 indicate 
the inlet and outlet of the duct, s = S/A& S is the 
overall heat generation in the whole duct, A the cross- 
sectional area of the duct and & (= p, V,) the mass 
velocity. 

In order to obtain the close solution of the above 
equations, the following equations are needed : 

P - P,RT, I- (6) 

P? = p2RT2 (7) 

M, = V,/kRT, (8) 

M, = V2/kRT2. (9) 

The substitution of equation (1) into equation (2) 
yields the following expression of the pressure differ- 
ence between inlet section 1 and outlet section 2 : 

Pr-P2=p,V,(V~-VI). W) 

It is easy to see from this equation that the pressure 
drop occurs along the duct as long as the outlet vel- 
ocity V2 is greater than the inlet velocity VI. When 
the heat is added to the duct flow, the gas expands 
and is accelerated, that is. V, > V,. This implies that 
the heat addition to an inviscid gas stream inevitably 
leads to the gas acceleration and the consequent press- 
ure drop along the duct. This is simply the physical 
mechanism of the thermal drag to duct flows. 

R 
r 
Re 
S 
T 

Til 
l6, 11 

gas constant [N m kg- ’ K- ‘1 
radial coordinate [m] 
Reynolds number [dimensionless] 
heat source [J s ‘1 
thermodynamic temperature [K] 
stagnation temperature [K] 
field velocity in the X- and y-direction 
[ms-‘1 
Cartesian coordinates [m]. 

Greek symbols 
& turbulent viscosity fN s m - *] 

5 mass velocity ratio [dimensionless] 

P mass density [kg m ‘1 

+ stream function [m’ s _ ‘1. 

2.2. Eflects onjlow properfies 

2.2.1. Flont rate. In order to observe the effect of 
thermal drag on the flow rate in the duct, the solution 
of the governing equations (l)-(9) is needed. After 
some operation equations (l)-(9) can be rewritten 
under the condition of small Mach number (e.g. 
M < 0.2) as follows : 

(11) 

p2 - = l+k(M;-M:) 
P, 

(12) 

A dimensionless parameter called heating number 
was defined in ref. [ 121 as follows : 

It measures the ratio of the heat amount absorbed 
per unit mass of flowing gas to its initial stagnation 
enthalpy. 

The solution of the above five simultaneous equa- 
tions (1 I)-(15) leads to the ratio, 5, of the mass vel- 
ocity with heating to that without heating 

1 
e=~=.+2,),,2 (17) 

where &, and ti, are the mass velocities in the duct 
with and without heating, respectively. 
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FIG. 2. Flow rate ratio vs heating number. 

This expression obviously suggests that heating the 
flowing gas can reduce the mass flow rate in the duct. 
Such an effect may also be called thermal clogging. 
Moreover, it can be found from equation (17) that : 
(1) 5 = 1, as He = 0 (no clogging); (2) 5 = l/2, as 
He = 1 (half clogging) ; (3) 5 -+ 0, as He + 00 (entire 
clogging). Consequently, the fact that the heat 
addition to the flowing gas will give rise to a reduction 
in mass flow rate, even to the entire clogging in the 
extreme case, is good evidence for the presence of the 
thermal drag in duct flow. 

The graphic illustration of expression (17) is given 
in Fig. 2 and the results of the numerical approach to 
equations (l)-(9) are also plotted in the same figure 
for comparison. Good agreement between them can 
be seen apart from the case of M > 0.2. 

One thing should be noted that thermal clogging is 
distinct from the choking phenomenon [l l] that the 
adjustment in inlet flow rate is necessary only if the 
leaving Mach number of the duct flow has reached 
unity and any further heat is added to the duct flow. 
However, we have the case that the mass flow rate in 
the duct will decrease as long as any heat is added to 
the subsonic gas flow. 

2.2.2. Mach number. The heating effect on Mach 
number of gas flow in the duct can also be obtained 
by means of the numerical solution of the governing 
equations (l)-(9). Some results about it are plotted in 
Figs. 3 and 4. It is found that the heat addition to the 

o,8b PL= I .0x105Nme2 
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FIG. 3. Mach number variation along the duct. 

FIG. 4. Leaving Mach number variation with heating 
intensity. 

flowing gas results in an increase of the Mach number 
along the duct. This remark may be found in most of 
the books on dynamics of compressible fluid how. 
However, Fig. 4 shows that the outlet Mach number, 
M2, decreases with gas heating and gradually 
approaches to a limiting value less than unity as the 
heating intensity goes to infinity. At the very begin- 
ning, this finding seemingly conflicts with the con- 
ventional knowledge that the outlet Mach number 
always increases with increasing heat addition to the 
duct flow before it reaches unity (for the subsonic 
flow). In fact, this difference in the above concluding 
remarks originates from the different formulations for 
problems discussed rather than reflects the conflicting 
physical phenomena. The well-known remark about 
the heating effect on outlet Mach number is based on 
the assumption [ 11, 121 of unchanged flow properties 
at the duct inlet, which was, perhaps, mainly against 
the background of problems related to ram-jet engines 
in the 1950s. The present findings, however, are based 
on the condition of fixed inlet flow stagnation prop- 
erties and back pressure conforming to the general 
engineering problems with a gas reservoir as a gas 
supply. It is due to the presence of thermal drag that 
the mass flow rate and consequent outlet Mach num- 
ber reduce with heating intensity. 

2.2.3. Other properties. Some results about heating 
effects on other flow properties (direction of changes 
in flow properties) are listed in Table 1. For the sake 
of contrast, heating effects on conventional flow sys- 
tems are also given in Table 1. It can be seen that here 
a set of flow patterns, different from the conventional 
one, of duct flow under heating is provided. 

3. THERMAL DRAG COEFFICIENT 

3.1. Dejnition 
In view of the fact that the heat addition to the gas 

flow tends to produce a pressure drop, similar to the 
friction factor or form drag coefficient used commonly 
in fluid mechanics, a thermal drag coefficient can be 
defined as 

PI-P, c, = 2 

P*V,P 
(18) 
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Table 1. Heating (or cooling) eff‘ects on subsonic llow properties 

P,, T,, Pz fixed P,, V,, T, fixed 
Coresent work) (Shaoiro I1 11) 

Hea‘iing Cooling Heaiing ’ ‘Cdoling 

increase decrease increase decrease 
decrease increase increase decrease 
unchanged unchanged decrease increase 
decrease increase unchanged unchanged 
decrease increase unchanged unchanged 
increase decrease unchanged unchanged 

Outlet velocity 
Outlet Mach number 
Outlet pressure 
Inlet velocity 
Inlet Mach number 
Inlet pressure 
-. ____~ 

where C’, denotes the thermal drag coefficient, 

(P, -PJ the pressure drop between duct inlet and 
outlet cross-section, and Vi/2 the dynamic head of 

the flowing gas at the duct outlet. 

3.2. Analytical expression 
The rearrangement of results from the solution of 

the governing equations yields 

c, = 

1 U+He) 

(19) 

where the Mach numbers, M, and A&, are functions 
of the pressure ratio, P,/P,, and the heating number, 
He. That means, the thermal drag coefficient, C,, is a 
function of the pressure ratio and heating number. 

If the pressure ratio is much less than the critical 

pressure ratio (or the Mach number is much less than 
unity), expression (19) can be reduced to 

2He 
C, = --~ 

1 +He’ 

It is found that the thermal drag coefficient, C,, 
depends only on the heating number, He, for the duct 

flow with small Mach number. 

Ct 
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FIG. 5. Dependence of the thermal drag coefficient on the 
dimensionless heating number. 

Figure 5 is the graphic illustration of expressions 
(19) and (20), where the Mach number of the gas flow 

without heating, MO, acts as a parameter. From Fig. 
5, the thermal drag coefficient, C,, is only a weak 
function of the Mach number, M,. It turns out that 

the approximate expression (20) can be employed with 
high validity unless the Mach number M, is beyond 

0.2. In the case of very large heating number, the 
thermal drag coefficient, C,, approaches a limiting 
value of 2, regardless of expression (19) or (20). It 
means that the pressure drop due to heating in this 
case is twice that of the dynamic head at the duct outlet. 

It is easy to see that expressions (19) and (20) or the 
family of curves in Fig. 5, in particular, expression 
(20) provides a very simple way to predict the pressure 
drop in the duct flow due merely to heating. The 
procedure for evaluating the pressure drop of this 
kind is similar to that for predicting the pressure drop 
due to friction. Their analogy is given as follows : 

Re+C,+AP, 

He-+C,+AP, 

where Cr and C, are the friction drag coefficient and 
the thermal drag coefficient, and APr and AP, the 
pressure drop due to friction and due to heating, 
respectively. It may be expressed that the importance 
of expression (20) to predicting the pressure drop 

of the duct flow is similar to that of the expression 
C, = 16/Re. 

3.3. Relative importance of the thermal drag to the 
viscous drag 

In view of the fact that the viscous drag in the duct 
flow always exists in practical problems, to clarify the 
relative importance of the thermal drag to the viscous 
drag is very crucial for engineering application. 
Hence, this problem was investigated [ 1 l] for the com- 
pressible turbulent flow in a circular duct under heat- 
ing. Its governing equations are 

i; (rpu) + g (rpv) = 0 (21) 

puE+puz= -~+$[r(‘+pqJ~] (22) 
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where EL and v are the axial and radial components of 
gas velocity, H the gas enthalpy, and E, and Fr, the 
turbulent viscosity and turbulent Prandtl number, 
respectively. s is the heating intensity. 

This is a problem of strongly coupled duct flow 
which continues to develop indefinitely in the flow 
direction, as the heat is added to and the gas expands 
continuously along the duct [ 151. Consequently, this 
problem should be taken as a developing case. The 
GEMIX program [16] with some modification has 
been used in ref. [14] for the numerical approach of 
turbulent duct flows under heating. What is different 
from the conventional numerical results is to separate 
the pressure drop, APf, due to friction and the pressure 
drop, Apt, due to heating from the total pressure drop 
AP in the duct. The pressure drop due to friction, AP, 
can be obtained through the integration of the friction 
shearing stress over the inner surface of the duct, while 
the subtraction of AP, from the total pressure drop 
AP yields the pressure drop due to heating, AP,. 

After the arrangement of numerical results, the 
dependence of APdAP, which demonstrates the rela- 
tive importance of the thermal drag to the viscous 
drag, on the heating number with the length-diameter 
ratio, L/D, as a parameter is graphically shown in Fig. 
6. It is clear that the pressure drop, AP, resulting from 
the viscous effect prevails in the duct flow, as one 
expects, if the heating number, He, is small, while AP, 
can even be neglected, as He exceeds a certain value 
and L/D is not too large (e.g. He > 1.5, L/D < IO). 
In addition, APf and AP, are of the same order of 
magnitude in the wide range of He. All these findings 
not only suggest that the thermal drag is important in 
some cases, but also indicate how one takes the thermal 
drag into consideration. 

Lu [17] conducted a further study on the problem 
of combined thermal drag and viscous drag. In terms 
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FIG. 6. Pressure drop ratio vs heating number. 

of the simplified analysis and numerical results of 
governing equations for coupled duct flow, it is shown 
that expression (20) 

2He 
c, = _____ 

l+He 

still approx~ately holds for the coupled flow (gas 
flow with viscosity and heating taken into con- 
sideration). This remark implies that the impact of 
heating-induced viscosity variation on the thermal 
drag coefficient is approximately negligible, although 
gas heating can effect remarkably the viscous drag 
coefficient C,. This finding is of significance for engin- 
eering practice, because the simple expression (20) can 
also be used to predict the drop, AP,, even in the case 
of the existence of both the viscosity and thermal drag, 
and furthermore, the total pressure drop AP may be 
obtained without calculating the friction pressure 
drop AP, by means of the following relation : 

c tSZ1ai 

(24) 

where Gotal represents the total drag coefficient, and 
the ratio, AP,/AP,. may be obtained from Fig. 6. 

4. EXPERIMENT 

The experiment for the purpose of demonstrat~g 
the thermal drag and its impact on flow properties 
was carried out in the test flow system, as shown in 
Fig. 7. The test sections made of copper are constant 
area ducts 37 mm in length, 6 and 8 mm i.d. which 
are connected to a tank. The operating gas (argon) 
comes from the gas reservoir. The d.c. burning arc 
inside the test duct acts as the heat supply for gas 
heating, The heating intensity is controllable by 
changing the arc current so that the relation between 
the thermal drag and the heating number can be 
obtained. The stagnation pressure P, in the tank was 
maintained at the values desired during the exper- 
iments. The measured parameters cover the tank P,, 
inlet and outlet static pressure, P, and P,, duct Aow 
rate, G, arc voltage and current, U and I, the heating 
flow Q taken away by the cooling water which is used 
to prevent the copper duct from melting, and so on. 
The experimental results [12] on the pressure drop 
(P,-Pz) between the test duct inlet and outlet and 
the mass flow rate ti in the duct with arc current I (it 
reflects the heating intensity) are replotted in Fig. 8. 
It can be seen that : (i) the pressure drop (P, - Pz) 
caused by gas heating is much greater than the friction 
induced pressure drop (APr is 85 mm H,O at room 
tem~rature) ; (ii) the thermal drag increases and 
the mass flow rate in the duct decreases obviously 
with rising heating intensity ; (iii) the thermal drag 
phenomenon is more profound for the duct flow 
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FIG. 7. Test flow system: 1. gas reservoir; 2. throttle valve; 3. flowmeter; 4, tank ; 5. electric arc ; 6, water. 

Z(A) 

FIG. 8. Variation in the pressure drop and flow rate under 
arc heating. 

with small 1engthAiameter ratio. The results can be 
rearranged to indicate the correlation between the 
thermal drag coefficient and the heating number, and 
the correlation between the pressure drop ratio 
APf/AP, and the heating number, that are also given 
in Figs. 5 and 6, respectively, for comparison. The 
fair agreement between the experimental data and 
the analytical results shows the applicability of the 
approximate expression (20) for the duct flow with 
small Mach number. 

5. CONCLUDING REMARKS 

(1) The heat addition to the inviscid duct flow will 
produce a pressure drop along the flow direction, 
which is referred to as the thermal drag. The existence 
of the thermal drag leads to the decrease of the mass 
flow rate and Mach number in the present flow system, 
which is different from the conventional knowledge. 

(2) The thermal drag coefficient C, is a function of 
both the heating number and the Mach number (or 
pressure ratio), but only a function of the heating 
number in the case of small Mach number. The simple 
correlation between the thermal drag coefficient and 
the heating number, equation (20), provides a simple 
way to predict the pressure drag in the duct flow due 
merely to the gas heating, similar to the prediction 
of the friction-induced pressure drop by the simple 
correlation between the friction drag coefficient and 

(3) Numerical results on the ratio of the pressure 
drop due to friction to that due to heating, which 
depends on the heating number and the length-diam- 
eter ratio of the duct, clarify the relative importance 
of the thermal drag, and tell us in what cases we have 
to take the thermal drag into consideration. 

(4) Preliminary experiments show that the pressure 
drop and flow rate variation in the duct caused by gas 
heating are evident and the approximate expression 
(20) is applicable for the prediction of the pressure 
drop due purely to heating. 

(5) The concept of the thermal drag and the simple 
correlation between the thermal drag coefficient and 
the heating number, as a class effect, are expected to 
find their applications in the combustor, convective 
boiling equipment, arc heater and other kinds of ther- 
mal equipment. 
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TRAINEE THERMIQUE DANS LES ECOULEMENTS FORCES DANS LES TUBES 

RCum&On &udie analytiquement et experimentalement les phenomenes de trainee thermique. Ceux-ci 
conduisent a une diminution a la fois du debit-masse et du nombre de Mach. En designant le coefficient 
de trainee thermique par C, et le nombre a~mensionnel de &a&age par He, on obtient une formme 
approchke entre eux pour un &coulement ~idir~tionnel sans vixosite avec chauffage. On prtsente, pour 
un icoulement turbulent dans un tube, la dependance du rapport de la perte de pression par frottement 
APr a celle causee par le chauffage AP,, vis-&is du nombre He; on eclaircit I’importance relative de la 

trainee thermique par rapport a la trainee visqueuse pour differentes intensites de chauffage. 

DER THERMISCH BEDINGTE WIDERSTAND IN ERZWUNGENER 
KANALSTROMUNG 

Zusammenfassmw-Das Phanomen des thermischen Widerstandes wird analytisch und experimentell 
untersucht. AufgTund des therm&hen Widerstandes ergibt sich eine Abnahme des Massenstroms und der 
Mach-Zahl in Striimunzssvstemen. Mit Hilfe des Koeffizienten fur den thermischen Widerstand C, und 
der dimensionslosen Hbziahl He ist es mijglich, eine Korre~at~onsglei~hung fiir eine eindimensi~nale 
reib~~freie Kanalstriimung mit einfacher Beheizung zu formulieren. Fur turbulente Kanalstr~m~g 
wird der EinfluB des Verhlttnisses aus reibungsbedingtem Druckabfall APr und beheizungsbedingtem 
Druckabfall AP, auf die Heizzahl vorgestellt. Dieses Ergebnis zeigt die relative Wichtigkeit des thermischen 
Widerstandes im Vergleich zum reibungsbedingten Widerstand fiir unterschiedliche Intensitkt der 

Beheizung. 

TEHJTOBOE COI-IPQTHBJIEHME TIP&i BbIHYIKfiEHHbLX TEsJEHBIIX B KAHAJIAX 

Aw~Amumrw E 3wncp~e~anb~o wcne~ywrcn aanemin T~MOBO~O conp~~~~~~e~aa. 
CyuwrBoname T~MOBO~O coqwnimemn npu~onwr K yMe3ibrueHHw) Macconoro pacxoiaa R wcna 
h&xi3 B UpOTOwfbix cIicreMax. nOJty¶eHa npa6maeman 3aBXHRfoeTb hfezuny stOX&UlifCHTOM Temo- 
BO~O conpo~iw~e~ c, E 6e3pasiep~~M ~SCROM MrpeBa He gulp o~o~ep~oro Te¶eIisui 6e3 ywra 
BSl3KOCTB H&Xi nponOM Hiil-FZCllt%. OKii- 3aiiiicmfwTb omonxemn nepenana zw0nems 113-38 
~pennn AP, SC nepeizwy J@BJXNES 8wa ziarpesa AP, OT 98cna Hafpcna B cnpae Typfjynemnoro 
Tevemx B KaHa.ne, A 06aacnaerca o~riocsnwrbriaa murfocrb o~~omemi~r TemoBoro H Bx%ncrHoro con- 

ponnwemil npn pa3~1~wofl mrewzinfiocT59 mrpeaa. 


