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HEAT TRANSFER CHARACTERISTICS OF PULSATED FLOW
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ABSTRACT 
             The measurements have been made for heat transfer coefficient to an air
pulsated flow downstream of an axisymmetric abrupt expansion in a circular pipe with
constant wall heat flux. The upstream flow was unheated and fully developed. Runs
were made with small diameter (d) to large diameter (D) ratios of 0.32, 0.49, and 0.61
and Reynolds number range of 7760 to 40084 (based on test section diameter) and
frequency range of 1 to 13 Hz. Results represent the effect of sudden pipe expansion
ratio  on  the  heat  transfer  characteristics.  The  influence  of  pulsation  frequency  in
addition to sudden pipe expansion on heat transfer is also presented in this work. The
results showed that the mean Nusselt number of sudden pipe expansion increases as
the d/D ratio decreases. With d/D = 0.32, the enhancement of heat transfer in absence
of pulsation due to the sudden expansion was about 101 % depending on Reynolds
number value while it was a bout 50% with d/D = 0.61. For pulsated flow, the heat
transfer  results  showed  that  the  heat  transfer  was  strongly  affected  by  Reynolds
number while it was slightly affected by the pulsation frequency values for any d/D
ratios. With low Reynolds number, Re = 7760, the mean Nusselt number increased up
to 138 % at f = 10 Hz and d/D = 0.61. ANSYS FLOTRAN CFD computer code (2000)
was applied to predict the flow pattern velocity and heat transfer coefficient to support
the  experimental  results.  The  results  show  the  flow  separation,  recirculation,
reattachment, and wake regions. The computational results of heat transfer coefficient
was investigated where good agreement was found. The experimental correlations of
the relative mean Nusselt number of the pulsated flow through sudden pipe expansion
are developed in terms of Reynolds number and dimensionless frequency
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NOMENCLATURE
Symbols Units
f Pulsation frequency Hz
fb Turbulence bursting frequency Hz
H Step height, H = 0.5(D-d) m
hmean Mean convective heat transfer coefficient W/m2.K
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hx Local convective heat transfer coefficient W/m2.K
km Thermal conductivity of the fluid W/m.K
N Revolution per minute of the rotating valve spindle rpm
Num Mean Nusselt number for sudden expansion without pulsation Dimensionless
Nuom Mean Nusselt number for smooth pipe without pulsation Dimensionless
Nuox Local Nusselt number for smooth pipe without pulsation Dimensionless
Nupm Pulsated mean Nusselt number with sudden pipe expansion Dimensionless
Nupx Local pulsated Nusselt number with sudden pipe expansion Dimensionless
Nupx/Nuox Relative local pulsated Nusselt number with sudden expansion Dimensionless
Nupx/Nux Local pulsated Nusselt number ratio Dimensionless
Nurm Relative mean Nusselt number, Nurm = Nupm/Nuom Dimensionless
Nur Mean Nusselt number ratio, Nur = Nupm/Num Dimensionless
Nux Local Nusselt number for sudden expansion without pulsation Dimensionless
qo Total heat flux W/m2

Q Input heat W
Qloss Heat loss through the insulation W
Qnet Net of heat transferred to the test section W
Tbi Fluid bulk inlet temperature oC
Tbo Fluid bulk outlet temperature oC
Tbulk Fluid bulk temperature oC
Tbx Bulk temperature of the fluid at section x oC
U* Friction velocity, U* = 0.199um/ Re0.125 m/s

Greek Symbols
ω Angular frequency of pulsation, ω = 2πf rad/s
ω* Dimensionless frequency, ω* = ωD/U* Dimensionless
ωb Angular bursting frequency rad/s
ωbm Mean angular bursting frequency rad/s

1. INTRODUCTION

       When flow separation occurs in pipes or ducts, the flow in and after the separation

region  becomes  very  complex  and  the  heat  transfer  characteristics  are  often

significantly  altered  by  the  nature  of  the  flow  separation  and  subsequent  flow

redevelopment. Such flow separations are found in various engineering applications

such as sudden expansions and contractions. Turbulent heat transfer behavior, of fluid

flow across a sudden-expansion step, has been technical interest due to its potential as

a  tool  to  enhance  convective  heat  transfer  performance  in  various  types  of  heat

exchangers because of its effect on thermal boundary layers. 

       An experimental research on heat transfer in regions of separated and reattached

flows inside pipes and ducts goes back at least to the work of Boelter, et al., [3] in

1948. They measured the heat transfer coefficients to air flowing in a circular pipe in

the separated and reattachment regions downstream of an orifice at Reynolds numbers

of 17,000, 22,000, and 26,400. They reported maximum heat transfer coefficients near

the point of reattachment about four times the fully developed flow values. Proceeding
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chronologically, the next studies on axisymmetric abrupt expansions were those of

Ede et al. [4] in 1956. They ran an extensive series of experiments on heat transfer to

flowing  water  downstream  of  an  abrupt  expansion  in  a  circular  brass  pipe  with

electrical resistance heating both upstream and downstream of the expansion. In 2003,

Manica and Bortoli [9] analyzed incompressible Newtonian and non-Newtonian fluids

flow through channels with sudden expansion. The governing equations are solved for

laminar flow using the finite differences explicit Runge-Kutta time-stepping scheme

in  nondimensionalized  form  in  which  continuity  and  momentum  are  solved

simultaneously along the grid points.  Also the effect  of  pulsation on heat transfer

remains a problem of interest to researchers due to its wide existence in industry. The

operation  of  modern  power-producing  facilities  and  industrial  equipment  used  in

metallurgy,  aviation,  chemical  and  food  technology,  and  other  technologies  are

governed to  a  large  extent  by  pulsation  flows.  Cavitations  in  hydraulic  pipelines,

pressure  surges  and  flow  parameters  affect  the  performance  of  many  thermal

engineering  applications.  Most  of  the  previous  investigators  considered  a  small

number of the operating variables (such as Reynolds number, amplitude, and pulsation

frequency)  in  their  studies  and usually  confined their  studies  to  relatively  narrow

range of these variables. As a result, some investigators reported an increase in the

heat transfer from pulsating flow and others reported little increase, no increase, and

even decrease  in  the  heat  transfer.  These  conflicting  results  showed that  the  heat

transfer phenomenon in pulsating flow is still not clearly understood. The previous

literature  on pulsating internal flows inside tubes  reveals  that  very  little  is  known

about their heat transfer characteristics. On the other side, there are many difficulties

to find a theoretical solution to problems of hydrodynamic and heat transfer in the

turbulent pulsating flows due to the complicated nature of turbulent unsteady flows.

The  flow  characteristics  in  the  turbulent  pulsating  flow  were  studied  by  many

investigators [5,6] to clarify the influence of pulsation on the flow velocity and the

pressure  distribution.  Some  investigators,  [7],  found  that  there  is  a  bursting

phenomenon that occurs in the steady turbulent flow in form of periodic turbulent
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bursts.  The effect  of  pulsation on the  turbulent  flow has  been discussed by many

investigators [5]. However, very little is known about the heat transfer characteristics

of the pulsating flows.

        From the previous work, it can be observed that, due to variety of heat transfer

control  parameters,  previous  work  showed  conflicting  results  for  the  effect  of

pulsation on heat transfer. Some investigators reported increases in heat transfer from

pulsated flow [11] whereas, reduction in heat transfer was reported by [5, 7]. In some

cases,  both  increase  and  reduction  were  reported  in  a  single  experiment  [8].  The

previous  work  considered  few  of  operating  parameters  in  their  studies  and  was

confined to  relatively  narrow range of  these  parameters.  Thus,  in  order  to  have a

complete understanding of introducing pulsation into a flow with heat transfer, it is

necessary to consider various parameters and cover a wide range of the controlling

parameters. In 2000, Zohir [12] investigated experimentally the effect of pulsation on

heat  transfer  characteristics  under  different  conditions  of  Reynolds  number  varied

from 750 to 50000, pulsation frequency ranged from 1 to 30 Hz, pulsator location

(upstream and downstream), and tube diameter. The results of the turbulent pulsating

flow  showed  that  the  relative  mean  Nusselt  number  is  strongly  affected  by  both

pulsation frequency and Reynolds number. The maximum increase in mean Nusselt

number  was about  50% which  was achieved at  pulsation  frequency of  10 Hz for

Reynolds number of 8462 and also at pulsation frequency of 22.8 Hz for Reynolds

number of 14581.

       Therefore, the present work makes a combination between pulsated flow and

sudden  pipe  expansion  to  investigate  of  the  enhancement  of  the  heat  transfer

coefficient due to sudden pipe expansion on the pulsated turbulent flow. The pulsating

frequency ranged from 1 to 13 Hz and Reynolds number (7760 to 40084) with three

values of the sudden expansion ratio (d/D) (0.61, 0.49, and 0.32). The experiments are

carried out under uniform heat flux.
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2 TEST RIG AND INSTRUMENTATION

2.1 Layout of the Test Rig

       An experimental facility is designed and constructed to study the heat transfer

characteristics  of  the  fully  developed  pulsating  airflow  through  the  sudden  pipe

expansion for the turbulent flows. The details of the test rig are shown in Fig. 1. The

test rig consists of an air supply unit (air blower of 7Hp and air flow control unit), an

orifice  meter,  settling  chamber,  upstream,  calming  tube,  test  section,  downstream

calming tube and pulsating mechanism. 

2.2 Test Section

       The test section, as shown in Fig. 2a, consists mainly of a main pipe, heaters, and

insulating materials. The heat losses to the atmosphere from the test section tube are

minimized by insulating the tube. In general the test section tube was covered by a

layer of Teflon sheet of 0.2 mm thickness and employed to insulate the test section

tube electrically. The wire of the heaters was electrically insulated by very ductile

Teflon pipes of 0.1 mm thickness and 2 mm diameter and then wound uniformly

along the  tube  with  about  1  mm pitch.  The  test  section  covered  with  11  heating

elements each one has 28.5 m length and 124 Ω. Heating elements were made of

nickel chromium wire type which has a resistance of 4.35 Ω/m and 0.6 mm diameter.

A uniform heat flux of 1027 W/m2 was provided along the test section pipe. Two

voltage regulators  were used to supply heaters with the required power. Sheets  of

aluminum of 0.2 mm thickness were wound below and above the heater  wires to

distribute  the  heat  uniformly.  Then  a  layer  of  glass  wool  insulation  of  50  mm

thickness was employed to cover the pipe. The total heat loss from the heaters to the

atmosphere was calculated and it was found to be less than 6% of the total heat input.

The main tube of the test section was made of stainless steel of 82 mm inner diameter,

2000 mm length and 3.5 mm thickness. 

       The surface temperatures have been measured by 49 thermocouples of K-type

(having  about  0.3  wire  diameter).  The  junctions  of  the  thermocouples  were  soft

soldered to grooves milled in the surface parallel to the tube axis. The junctions of the
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thermocouples are embedded in holes of 2 mm diameter and 2 mm depth onto the tube

surface.  The  thermocouples  located  at  different  axial  positions  along  the  tube  as

shown in Figure (2b).The nonuniform axial thermocouple spacing ranged from 5 mm

near the abrupt expansion corner to 200 mm near the exit of the large diameter. Most

of  the  axially  distributed  thermocouples  were  at  the  top  mid-plane  of  the  tube.

However, five additional thermocouples placed at other angular locations were used to

check the symmetry of the heat transfer to the flow. The pulsating mechanism shown

in Figure (3) was constructed of three main parts, an AC electric motor of 3/4 Hp and

1000 rpm, a variable speed transmission (three stepped pulleys), and a rotating ball

valve of 50 mm inner diameter. The valve spindle was connected to the motor through

three-stepped pulleys and two V-belts as a transmission. The frequency of pulsation

(f)  is  defined as  f  =  (N*2/60)  Hz.  The  dimensionless  frequency for  the  turbulent

pulsating flow is calculated from ω* = ω D/U* as defined by [8].

3. EXPERIMENTAL PROCEDURE

       An experimental program was designed to study the effect of pulsation on the

heat transfer through pipes for the turbulent flow. The studied values of Reynolds

numbers are 7760, 14005, 19255, 30469, and 40084. The pulsation frequency varied

from 1 to 13 Hz. The studied values of pulsation frequencies are 1, 1.4, 3.2, 4.1, 6, 10,

and 13 Hz. The amplitude was fixed through considering a single location of the valve

downstream of the test section. The net heat transferred by convection to the flowing

fluid can be calculated from  Qnet=(Q – Qloss)=m.Cpm (Tbo –  Tbi).  The local  mean bulk

temperatures  of  the  fluid  flowing  into  the  test  section  are  calculated  from

pmxobibx CmDLqTT ˙˙ /   where,  oq̇  is  the  heat  flux.  The  local  and  mean  heat

transfer  coefficients  are  determined  from  hx=qo/(Tsx –  Tbx),.  The  local  and  mean

Nusselt numbers are calculated, respectively, from Nux = hxD/km, Numean = hmeanD/km.

4. RESULTS AND DISCUSSION

       The heat  transfer  results  corresponding to  study the  effect  of  sudden pipe

expansion with pulsated turbulent flow with different values of pulsation frequency

are  presented  in  this  section.  The  effect  of  sudden  pipe  expansion  only  will  be
7



presented firstly  then it  will  be presented with the addition of pulsation frequency

effect.  The  results  are  presented  in  the  form  of  relative  local  Nusselt  number

(Nupx/Nuox) where Nupx is the local Nusselt number of the pulsated flow through the

sudden pipe expansion and Nuox is the corresponding value of the steady unpulsated

flow  through  the  smooth  pipe  without  sudden  expansion.  Figure  (4)  shows  the

variation of the relative local Nusselt number without pulsation (Nux/Nuox) for sudden

expansion ratio d/D = 0.61. Stream wise distance is normalized by the step height H

(H = 0.5(D-d)),  and  the  Nusselt  number  is  normalized  by  the  value  of  the  local

Nusselt number measured for smooth pipe. At the leading edge of the test section, the

relative  local  Nusselt  number  values  approach  the  unity.  Downstream the  sudden

expansion through the test section, the relative Nusselt number values increase to a

peak value as moving away from the sudden expansion where the flow reattached to

the pipe surface. Let us call the area from the beginning of the test section to the

position of the maximum local Nusselt number, the “Upside Area (UA)” and the area

from the position of the maximum local Nusselt number to the end of the test section,

the “Downside Area (DA)”.  The increasing of relative Local Nusselt number more

than unity in the Upside area is because of the recirculation zones which appear near

the sudden expansion. At recirculation zones, the boundary layers are destroyed by the

back flow appears in these zones so the heat transfer increases. The relative Nusselt

numbers then decrease with the increasing of x/H value and approach to be nearly

constant  as  the  fully  developed region starts.  Figure (4)  shows that  the  maximum

enhancement occurs at x/H equal to 7.187 is about 115 % for Re = 7760 and about 74

% for Re = 40084 at which d/D = 0.61. Figure (5) shows the variation of relative local

Nusselt number versus axial distance for various expansion ratios. It is observed that

as the expansion ratio increases, the Nusselt number ratio increases. Increasing the

expansion ratio (i.e., decreasing d/D) initially increases the distance to the position of

maximum heat transfer, a behavior consistent with the variation in the reattachment

point  observed  in  the  plane.  The  local  Nusselt  number  ratio  decreases  gradually

downstream  the  impingement  point  where  a  thermal  boundary  layer  growth  up.
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Figure (7) shows the variation of relative local Nusselt number versus axial distance

for  different  values of pulsation frequency at  constant Re and at  d/D = 0.61.  The

maximum enhancement of the relative local Nusselt number was found with pulsation

frequency of 10 Hz for the studied range of the Reynolds number. Figure (7) shows

that as the pulsation frequency increases from 0 to 4.1 Hz, the local Nusselt number

increases to a maximum value at a distance of x/H = 7.187 and it decreases gradually

to a constant value at the fully developed region. 

       Figure (8) shows the variation of relative local Nusselt number versus axial

distance for different values of pulsation frequency at Re = 7760 and at d/D = 0.49.

For Re = 7760, the maximum enhancement of the relative local Nusselt number was

obtained with f  = 10 Hz in the upside area. While with the other values of pulsation

frequencies, the values of the relative local Nusselt numbers are closed to each other

along the test section. The peak value that obtained with Re = 7760 and d/D = 0.49 is

at x/H = 8.1 with all values of pulsation frequencies. The maximum value of relative

local Nusselt number that obtained with Re = 7760, d/D = 0.49, and f = 10 Hz is about

3.144. A sample of results that was obtained with d/D = 0.32 is presented in figure (9).

Figure (9) shows that the relative local Nusselt number slightly affects by the change

of the pulsation frequency with Re = 7760. 

       The effects of pulsation frequency, Reynolds number, and sudden pipe expansion

on heat transfer were discussed in terms of relative mean Nusselt number of pulsated

flow  (Nurm =  Nupm/Nuom),  while  the  effects  of  pulsation  frequency  and  Reynolds

number as a ratio of that of sudden pipe expansion on heat transfer were discussed in

terms of mean Nusselt number ratio (Nur = Nupm/Num).Figure (10) shows the variation

of the relative mean Nusselt number (Nurm) against the pulsation frequency ranged

from 0 to 13 Hz and Reynolds number ranged from 7760 to 19255.  It can be seen that

an enhancement in  heat  transfer  is  obtained for  different  values  of both Reynolds

number  and  pulsation  frequency.  The  maximum  enhancement  of  heat  transfer  is

obtained with Re = 7760 and f = 10 Hz, while the minimum enhancement is obtained

with Re = 19255 and f = 3.2 Hz. The enhancement that was obtained by d/D = 0.32 is
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greater than that was obtained by the other higher values of d/D. As shown in figure

(10), the relative mean Nusselt number slightly changes with the pulsation frequency.

As the Reynolds number increases, the relative mean Nusselt number decreases for all

values of pulsation frequencies studied except with f = 1 Hz, the relative mean Nusselt

number return to increase again with Re = 19255.  The maximum enhancement  is

about  130  %,  was  obtained  with  Re  =  7760  and  f  =  10  Hz but  the  minimum

enhancement is about 86 %, was obtained with Re = 40084 and f = 3.2 Hz. 

       To show the effect of pulsation frequency only as a ratio of that of sudden pipe

expansion,  the  mean  Nusselt  number  of  pulsated  flow  through  the  sudden  pipe

expansion will be represent as a ratio of that of nonpulsated flow through the sudden

expansion. The mean Nusselt number represents this required ratio. Figure (12) shows

the mean Nusselt number ratio a against pulsation frequency for different values of

Reynolds numbers with d/D = 0.32. There is a reduction was obtained with some

values of pulsation frequencies with d/D = 0.32 as shown in figure (12). There is no

effect of pulsation frequency at  f = 13  Hz on the mean Nusselt number ratio for all

values of Reynolds numbers. The maximum enhancement that was obtained with d/D

= 0.32 is only about 7% and the maximum reduction is only about 8%. Such Genin et

al. [5] and Laio and Wang [7] recommended that, at pulsation frequencies lower than

the  turbulent  bursting  frequencies,  a  reduction  in  the  heat  transfer  rate  will  be

obtained. This reduction in the mean Nusselt number ratio may be attributed to many

effective parameters, as Reynolds number, imposed pulsation frequency, and turbulent

bursting frequency. The reduction in the heat transfer rate is obtained because the

turbulent bursting of the turbulent flow could be damped by the forced fluctuations of

the imposed pulsation frequency. For the present study the Reynolds number range

lies between 7760 and 40084, the turbulent bursting frequency lies in the range of 4.5

to 21 Hz, while the imposed pulsation frequency lies in the range of 1 to 13 Hz; where

the turbulent bursting frequency (fb) is calculated as  fb ≈ um/5D, [4]. For the present

results,  as  Reynolds  number  increases,  the  turbulent  bursting  frequency  increases.

10



Therefore,  the  damping of  the turbulent  bursting by the  forced fluctuations of  the

imposed pulsation frequency increases too.           

       The enhancement in the mean Nusselt number ratio which obtained at 7760 ≤ Re

≤30469 and 1 < f < 13 Hz may be attributed to the some reasons. The first reason may

be  attributed  to  the  increase  in  level  of  turbulence  due  to  pulsation.  At  higher

frequencies,  larger  or  more  frequent  disturbances  can  be  obtained,  depending  on

Reynolds number, hence improved turbulence and higher heat transfer rates can be

obtained. The second reason of the heat transfer enhancement may be attributed to the

forced circulation, which is introduced in the boundary layer due to pulsation. This

forced circulation may increase the heat transfer rate by promoting eddied formation,

thus  introducing  convection  in  the  boundary  layer.  While  in  steady  flow  without

pulsation, convection does not act on the heat transfer through the inner boundary

layer that is effectively at rest with respect to tube wall. The third important reason of

the heat transfer enhancement in turbulent pulsating airflow is due to the interaction

between the  turbulent  bursting frequency and the  imposed pulsation frequency.  In

pulsation turbulent flow, if the flow pulse frequency is close to the frequency with

which  the  viscous  sub-layer  is  renewed,  bursting  frequency,  a  certain  resonance

“interaction” may occur. This interaction affects the heat transfer characteristics and

leads to an increase or decrease in the heat transfer rate. Figure (6) was used to show

the effect of d/D on the heat transfer to a no pulsated flow. The figure shows that as

the value of d/D decreases the relative mean Nusselt number increases for all values of

the studied Reynolds number. While as Reynolds number increases, the relative mean

Nusselt number decreases for the same value of d/D. Figure (11) shows a comparison

between  the  studied  values  of  d/D as  the  flow is  pulsated  by  different  values  of

pulsation frequencies with Re = 7760. The figure shows that the relative mean Nusselt

number  slightly  affects  with  the  change  of  pulsation  frequency  except  with  the

Reynolds  values  that  give  bursting  frequencies  that  agree  with  the  imposed

frequencies. This appears clearly at the relative mean Nusselt number with d/D = 0.61

where Re = 7760 and f = 10 Hz. Figure (11) shows that as d/D decreases, the relative
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mean Nusselt number increases. Figures (13) and (14) were represented as a sample to

show the change of mean Nusselt number ratio as a function of Reynolds number with

different values of d/D. The figures show that as d/D decreases through which the

pulsated flow passes, the decreasing of the mean Nusselt number ratio tends to zero.

Figure  (15)  represents  a  comparison between the  results  of  relative  mean Nusselt

number versus pulsation frequency that was obtained with different values of d/D to

that was obtained by [11] and [12] for smooth pipe at the same mass flow rate. The

figure shows that the pulsated flow through the sudden pipe expansion gives more

enhancements in heat transfer than the pulsated flow through a smooth pipe.        

       The experimental correlations of the relative mean Nusselt number of the pulsated

flow through sudden pipe expansion are developed in terms of Reynolds number and

dimensionless  frequency  in  the  form  Nurm =  aω*3 +  bω*2 +  cω*  +  d  where,

coefficients  a,  b,  c,  and  d  are  functions  of  Reynolds  number.  For  maximum

enhancement that obtained with d/D = 0.32, the coefficients of the equations are

a =  -3.87 x 10-9 x Re + 2.401 x 10-5, b = 1.75 x 10-7 x Re - 9.395 x 10-4, c = -2.22 x 10-

6 x Re + 1.403 x 10-2, and d = -1.21 x 10-5 x Re + 2.247 for renolds number ranged

from 7760 to 19255 with maximum error deviation about 5 %.

5. COMPUTATIONAL TECHNIQUE 

       ANSYS FLOTRAN CFD Code[1] was used for predicting the air flow pattern, 

and velocity contours. ANSYS program uses the k-ε turbulence model and solves the 

governing equations and the turbulence flow equations by finite element technique. 

All solutions apply a uniform velocity profile at inlet and zero velocity condition in 

the direction normal to the inlet flow. No-slip (zero velocity) conditions are applied all

along the walls. The theoretical problem is solved in 3–D and the grid elements used 

have a tetrahedral element shape and have about 50,000 elements as shown in Figure 

(16). A uniform heat flux is applied on the downstream pipe and a uniform inlet 

temperature at inlet. 
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5.1 Computational Results 

       ANSYS Code is used to determine numerically the flow pattern and heat transfer 

coefficient over a smooth pipe with different sudden expansion ratios (d/D). Figure 

(17) gives the computed velocity contour and vector distributions through a sudden 

expansion pipe with different values of d/D. The flow field velocity results were 

normalized with the inlet velocity (ui) and are shown as numbers (u/ui) in figure (17). 

It is observed that, the computed flow patterns indicate clearly the region of wake and 

recirculation flow on the downstream region of a sudden expansion edge with a 

reattachment occurring approximately at 1.9, 1.0, and 0.7 of the test section diameter 

for d/D = 0.32, 0.49, and 0.61, respectively. As the expansion ratio (d/D) decreases, 

the reattachement point is shifted away from the sudden expansion edge. The 

maximum velocity appeared at the mean core flow and at the separation point. These 

results of flow pattern would be needed to analyze the thermal performance of sudden 

expansion pipes. Figure (18) gives a comparison between experimental and computed 

local Nusselt number over the smooth circular tube for constant Reynolds number and

at different expansion ratios. It may be concluded that experimental and numerical 

results have nearly similar trends. At low values of expansion ratio the difference 

between experimental and numerical results is, relatively, large 23%. However, for 

large d/D this difference decreases. The Nusselt number has its maximum values at 

the smallest expansion ratio (d/D=0.32) and decreases as the expansion ratio 

increases. The Nusselt number decreases with small rates as the axial distance 

increases. This means that the sudden expansion has a no significant effect on the 

Nusselt number after an axial distance of x/H = 10. Fig. (19) compares measured and 

computed results of relative mean Nusselt number (Num/Nuom) for a smooth circular 

tube with different sudden expansion ratios and Reynolds number.  The Num/Nuom 

decreases with increasing Reynolds number, due to decreasing boundary layer 

thickness and strong mixing of flow in the recirculation zone. Also, the Num/Nuom 

increases as the expansion ratio decreases, due to increasing of the wake width and the

flow field velocity.
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6. CONCLUSIONS

       Observation of the local Nusselt number behavior of turbulent flow through 

sudden pipe expansion revealed that the improvement in heat transfer coefficient 

occurred at the recirculation zones. The following points represent the final conclusion

for both local and mean Nusselt number. 

1. For a given expansion ratio, the peak value of (Nux/Nuox) falls as the Reynolds 

number is raised, although the rate of decrease becomes small at the upper end of the 

Reynolds number range covered in these experiments.

2.  Increasing the expansion ratio (i.e., decreasing d/D) initially raises the distance to 

the position of maximum heat transfer, a behavior consistent with the variation in the 

reattachment point observed in the plane. The distance to maximum heat transfer 

decreases as d/D is decreased. The mean Nusselt number with sudden pipe expansion 

increases as the d/D ratio decreases.  

3. The present experimental results are in good agreement with those of computed 

results with a maximum deviation error of 23 %. 

       As the flow is pulsated, an enhancement or a reduction of heat transfer occurs as 

the pulsation frequency approach or move away from the bursting frequency. For 

local Nusselt number ratio (Nupx/Nux), the maximum enhancement is near the sudden 

expansion. As the flow move away from the sudden expansion, the local Nusselt 

number ratio decreases and may causes a reduction in heat transfer instead of 

enhancement which occurs in the beginning of the test section. The following points 

represent the final conclusion for both local and mean Nusselt number. 

1. For small values of d/D ratios, the change of pulsation frequency becomes 

unaffected.

2. As Reynolds number increases, the relative mean Nusselt number decreases for all

values of pulsation frequencies but the rate of decreasing varies from value to another

of pulsation frequencies and that occurs only with the high values of d/D.

3. The maximum enhancement of mean Nusselt number ratio that was obtained with 

d/D = 0.32 is only about 7% and the maximum reduction is only about 8%, while the 

14



maximum enhancement that was obtained with d/D = 0.61 is about 41% and the 

maximum reduction is about 8%.

4. Based on the bursting processes, it can be concluded that for the studied range of 

Reynolds numbers, 7760 < Re < 40084, both enhancement and reduction in mean 

Nusselt number ratio were dependent on the turbulent Stokes number, ω*, and 

Reynolds number. But pressure change that caused by the pulsation frequency may be

damped or enhanced by the back pressure caused by the sudden expansion.
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Fig. 1 The layout of the turbulent flow test rig
F

ig. 2a The test section details

Fig. 2b Thermocouple distributions on the downstream smooth pipe
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Fig. 3 The layout of the pulsation mechanism
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Fig. 4 Variation of relative local Nusselt number 
versus the axial distance for different values of (Re)

 in absence of pulsation (d/D = 0.61, f = 0Hz).
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Fig. 5 Variation of relative local Nusselt number
versus the axial distance for different values of d/D in
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versus the axial distance for different pulsation
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Fig. 8 Variation of relative local Nusselt number
versus the axial distance for different pulsation

frequencies, (d/D = 0.49, Re = 7760).
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Fig. 9 Variation of relative local Nusselt number
versus the axial distance for different pulsation

frequencies, (d/D = 0.32, Re = 7760).
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Fig. 10 Relative mean Nusselt number variation
versus frequency for different values of Reynolds
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7760).
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Fig. 14 mean Nusselt number ratio variation versus
Reynolds number for different values of d/D,

(f=13Hz).
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Fig. 15 Comparison between the experimental results
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Fig. 16 Boundary conditions associated with
the mesh generation with a tetrahedral

element shape.
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Fig. 18 Variations of local Nusselt number distribution versus dimensionless
axial distance for smooth cicular tube with different expansion ratios. (Re = 19,255)

Fig. 19 Variations of relative mean Nusselt number with Reynolds number for
different expansion ratios.
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