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     ABSTRACT 

A numerical investigation has been implemented to elucidate the effect of vertical 

and horizontal vibration at normal gravity on natural convection in a square enclosure filled 

with air at Rayleigh number 7× 107 and 4× 108. The enclosure was comprised of two 

vertical and opposed surfaces (the right hot and the left cold) while the two other surfaces 

are adiabatic. The two-dimensional, low-Reynolds number k − 𝜀 turbulence model is applied 

to enable it to cope with low Reynolds number flows. By transforming the equation of 

(continuity, Navier-Stokes and energy) using finite volume method from differential forms 

to algebraic forms using SIMPLE algorithm with hybrid scheme dealing with the time term 

are adopted to solve the governing equations. A computer program in Fortran 90 was built 

to carry on the numerical solution. Three cases were studied in this work, case I(reaches to 

steady state and then begins the effect of vibration at each frequency), caseII and 

caseIII(begin the effect of vibration from the transient at ascending and descending 

frequencies respectively).After the validity of the present code by comparing results with 

these of previous study for similar conditions, solutions have been obtained for Prandtle 

number of 0.7, aspect ratio (A=1).  In the high Rayleih number case (Ra=4× 108), the 

gravitional thermal convection dominates, and the vibration motion does not enhances the 

heat transfer remarkably. In contrast, in low Rayleigh (Ra=7× 107), the vibration thermal 

convection is dominant, and the vibration enhaces the heat transfer rate significantly. The 

effect of vertical directional vibration is more powerful in caseII(ascending frequency), 

when the horizontal directional vibration more effective in case III(descending frequency). 
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تأثير الاهتزاز الميكانيكي في ظروف الجاذبية الارضية المسلط عموديا على غرفة مربعة الشكل وذلك     الدراسة  تضمنت

ستوكس للزخم باتجاهين ومعادلة  -من خلال اعداد نموذج رياضي لاجراء الحل العددي لمعادلة الاستمرارية ومعادلتي نافير

( للاضطراب, عن طريق تحويل هذه المعادلات    Low Reالطاقة و معادلتي نموذج  

( من معادلات تفاضلية الى معادلات جبرية منفصلة يتم Mothod  Finite Volumesباستخدام طريقة الحجوم المحددة )

البسيط ) الاجراء  اسلوب  اعتمادا على  اتجاهين   (SIMPLE Algorithmحلها  في  لمائع لاانضغاطي  لجريان مضطرب 

قرار لدراسة تأثير الاهتزاز على معدل انتقال الحرارة داخل الغرفة من خلال دراسة خطوط الانسياب و  تلحالة عدم الاس

( فورتران  لغة  باستخدام  برنامج  بناء  الحرارة.تم  درجة  ثبوت  الحسابات Fortran 90خطوط  ان  العددي,  الحل  لانجاز   )

( هرتز عند 2-4-8يكون )  على الغرفةالاهتزاز المسلط  ردد  ت   العددية تم تنفيذها باستخدام الهواء كمائع عمل يملأ الغرفة.

رايلي   رايلي3-6-9)  و  عدد  عدد  عند  هرتز  المجموعة الدراسة  ان    .  (  مجاميع,  ثلاث  الى  انقسمت 

حدة على  تردد  لكل  الاهتزاز  تسليط  تم  ذلك  وبعد  الاستقرار  حالة  الى  الوصول  تضمنت   Interrupted)  الاولى 

Vibrations),  الثانية للمنظومة     (Continuous Vibrations)المجموعة  التشغيل  بداية  منذ  الاهتزاز  تسليط  تضمنت 

ولكن الترددات المسلطة تصاعديا لكل اهتزاز فترة زمنية مساوية للاهتزاز الذي قبله, المجموعة الاخيرة تكون مشابه للثانية  

الترددات تبدأ تنازليا الظروف, عدد برانتلال  , بعدولكن  البرنامج الحالي مع دراسات اخرى عند نفس    تحقق من وثوقية 

(Pr= 0.7)   والنسبة الباعيةA =1   اظهرت النتائج ان تأثير الاهتزاز يقل عند ارتفاع عدد رايلي , وكذلك تاثير الاهتزاز ,

الثة حيث تردد الاهتزاز الافقي اعلى منه في لثاالعمودي اكثر فعالية عند حالة التردد التصاعدي والعكس يكون في الحالة  

 العمودي عند نفس الترددات.  

 

NOMENCLTURE 

 

Symbol Description 
  Thermal diffusivity (m2/s) 

  Cross sectional area (m2)                                                                                        

A Aspect ratio 

  Thermal expansion coefficient (1/K) 

 Frequency(Hz) 

 Ambient (atmospheric) temperature(K)  

 Temperature of hot surface(K) 

 Temperature of cold surface(K) 

 Temperature difference(K) 

F shape factor = (  -1) 

 
Convection heat transfer rate calculated from 

energy balance method (W) 

  ( ) 

 Average heat transfer coefficient(W/m2.K) 

 
Prandtl Number 

 
Grashof number 

 
Rayleigh Number 

 
vibrational Rayleigh number 

B Maximum amplitude of vibration (m) 

 Angular frequency of vibration (rad/sec) 

 Gravitational acceleration,9.8 (m / s2) 
  Kinematics viscosity (m2/s) 
  Density( kg / m3) 
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Local Nusselt number 

 
Average Nusselt number 

  Dimensionless Distance between nodes 

V Dimensionless Volume of control volume 

 Rate of dissipation of kinetic energy (  / s3) 

  Diffusion coefficient 
  General dependent variable 

n

P  New under-relaxed value 

P  Previous under-relaxed value 

P  Obtained under-relaxed value 

uS  Constant part of linearized source term 

pS  Coefficient of P in linearized source term 

  Dimensionless temperature 

 Kinematic viscosity(m2/s) 

 Σ Stephan-Boltzman constant = 5.669*  

( ) 

 Dynamic viscosity (  

 Dimensionless temperature 

 Dimensionless frequency of vibration 

Ω Angular frequency of vibration ( ) 

 Constant ratio 

T Time (s) 

 Dimensionless time 

    

INTRODUCTION 

     Natural convection in an enclosure has received a great deal of attention in the past, but 

studies on thermal convection in an enclosure induced simultaneously by gravity and 

vibration, which is important in material processing (Y. Kamotani et.al., 1981; M. Wadih and 

B. Roux 1988) or in heat transfer under a vibrational environment( P. D. Richardson,1967) 

are very rare. A problem of natural convection in an enclosure cavity is important and widely 

considered in the design of device such as dissipated fins in a heat exchanger and arrays of 

electric components in a computer. However, in practical situation the devices in the system 

are always under dynamic situation due to the operation of the system, which results in the 

device being unavoidably subjected to vibration motion. To validate the mechanism of natural 

convection on the vibrating enclosure induced by the operation of the system becomes an 

urgent need for the design of precise and effective device  .Vibrations are 

known to be among the most effective ways of affecting the behavior of fluid system, in the 

sense of increasing or reducing the convective heat transfer. In the past, numerous relating 

studies investigated the effect of vibration on the natural convection. The effect of mechanical 

vibrations, as well as sound waves, on heat transfer from bodies in an infinite atmosphere has 

been studied by many investigators . The idea of using mechanical vibration as a mean for 

enhancing the heat transfer has received attention from the early beginning; Lord Rayleigh 

(1877) first analyzed the streaming flow phenomena, in connection with sound waves. In 

1960’s, Russian scientists including Gershuni et al., (1963) Zen’kovskaya (1966), and 
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Simonenko (1972) et al., pioneered the study of vibrational convection,(Yuan,2003). (Forbes 

et al1970) studied experimentally the thermal convection in a vertical rectangular enclosure 

filled with water. They varied the vibration frequency and acceleration to find on the heat 

transfer rate. It was shown that the heat transfer rate was increased by the vibration, especially 

near the resonant natural frequency of the liquid column contained within the enclosure. The 

maximum enhancement of heat transfer about 50% was obtained during the experiment. 

(Ivanova, 1988) studied experimentally the vibration effect on the cooling process of the fluid 

layer between the concentric cylinders. The results showed that increasing the vibration 

frequency decreased the cooling time of the fluid. (Fu and Shieh,1992; Fu and Shieh,1993) 

investigated the natural convection in an enclosure affected by variable acceleration and 

vibration, respectively. The Nusselt numbers varied with the relating parameters were 

obtained and concise correlation equations to predict the resonant frequency were derived. 

(Frank T. Ferguson and Lembit U. Lilleleht,1996) completed the study of thermovibrational 

convection done (W. S. Fu ,1992and W. J. Shieh,1993) through presenting a model of 

thermovibrational in a vertical, cylindrical cavity and studied the frequency dependence of the 

heat transfer rate through the system at Rayleigh numbers, Ra, of 0, ,and 

vibrational Grashof numbers ,  of . Results indicated that vibrational convection 

greatly increased heat transfer rates over the unmodulated case by (7-15%) at  and by 

(50-65%) at . The observed resonant frequencies seemed to agree reasonably well 

with the predictions given by the resonance frequency equation: 

 

 
 

where (  the resonant frequency) derived by (Fu and Shieh,1992)was a useful means of 

estimating the resonance frequency at low Rayleigh numbers. However, this equation had also 

been extended to include the effect of the static gravitational field on the resonance frequency 

and it is appeared that equation 

 

=  

 

may be more suitable for cases where the Rayleigh number and vibrational Grashof number 

are somewhat comparable in magnitude. (Ki Hyun Kim et al. ,2001) studied numerically the 

buoyant convection in a side-heated square cavity of a Boussinesq fluid has served as a 

benchmark configuration (Y. Kamotani et.al., 1981). The two vertical sidewalls were 

maintained at different constant temperatures Th and Tc, respectively, and the horizontal 

walls were insulated. The computed results suggested that the resonance takes place when the 

frequency of oscillations matches the basic mode of internal gravity oscillations. At the 

resonance frequency, Nusselt was maximized, which suggests intensification of convection 

activities in the interior. The oscillation in the vertical direction brings forth mostly 

quantitative changes, but the changes are more pronounced and qualitative when the 

oscillation is in the horizontal direction. Wu-Shung Fu  and Chien-Ping Huang ,(2006) 

studied numerically the effects of vibrational heat surface on the natural convection in a 

vertical channel flow. The results showed that for the same Rayleigh number, the natural 

convection of a vibration heated plate with a certain combination of frequency and amplitude 

was possibly smaller than that a stationary state. More heat transfer rate of the heated plate 

obtained when the frequency was larger than the critical frequency and for the same Rayleigh 

number and amplitude conditions, and the situation of which the frequency is larger than the 

critical frequency is advantageous to the heat transfer and vice versa. Hideshi Ishida et al. 

,(2012) proposed a method to obtain a forced oscillation induced by an arbitrary small time-
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varying force on a stable thermal convection field, and a framework for finding universal and 

inherent resonance modes on the field , independent of the ways of forced vibration , 

indicators of resonance and other information. The method also provided indicators to 

quantify the efficiency in realizing a given resonant mode by a specific forced vibration.  

Ahadi et al. (2014) experimentally studied the effects of different parameters of vibrational 

forces, such as frequency and amplitude on the influences of a wide range of vibration 

Rayleigh or on the measurement of thermo-diffusion in a microgravity environment subjected 

to a constant temperature difference between two walls of cubic cavity. And they investigated 

the impacts on the separation of the components of the mixture due to the change in the forced 

vibration from low to high vibration Rayleigh number. The ISS (The International Space 

Station) experimental data were obtained using an optical digital interferometry in a reduced 

gravity environment. The experiment was performed in a cubic cell containing an aqueous 

solution exposed to 10 K temperature gradient. Different runs of a water and isopropanol 

mixture with a negative Soret coefficient and the same temperature difference were chosen as 

test cases. The results showed maximum separation and Soret coefficient for the case with 

minimum Rayleigh number, a linear relation between the vibration Rayleigh number and the 

maximum separation was not detected. This is unexpected since most often the increase in 

Rayleigh number corresponds to a decrease in the separation of components. Consequently, 

the aim of this study is to investigate numerically the detailed heat transfer mechanism of 

thermal convection which is induced by gravity and vibration simultaneously in a square 

enclosure at three cases and in vertical and horizontal directional of vibration. CaseI (reaches 

to steady state and then begins the effect of vibration at each frequency), caseII and 

caseIII(begin the effect of vibration from the transient at ascending and descending 

frequencies respectively) caused by abrupt change of the wall temperature and vibration 

conditions. Based upon the results of Adel M. Salh et al.  (2014), the phenomena for a 

Rayleigh number of 7   influenced by the vertical vibration are more remarkable than 

those for a Rayleigh number of 4 ; the case for Rayleigh numbers of 7   and 4   

are then preliminarily studied and the vibrational Rayleigh number at each frequency and the 

dimensionless frequency of vibration at the table 1.  Since in this case there are many factors 

that affect the heat transfer mechanism and the vibration perpendicular to the temperature 

gradient is the most critical. Mainly consider the effects of vertical and horizontal vibration 

frequency on heat transfer mechanism corresponding to the variations of vibration frequency 

from low to high frequency at case of interrupted vibration (reach to steady state then begin 

the effect of vibration), and at the case of continuous vibration (at ascending frequencies and 

descending frequencies from start of operating the system). The time history of the steam 

lines, isothermal lines and Nusselt number are also presented. 

Rayleigh number Frequency(fr)Hz Dimensionless 

frequency(  

Vibrational Rayleigh 

number 

7   2 1.257 2   

7   4 2.513 3   

7   8 5.02655 2   

4   3 0.57 7   

4   6 1.13 4   

4   9 1.7 1.6   
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MATHMETICAL AND NUMERICAL MODEL 

The physical model sketched in figure (1) is an air-filled (Pr=0.71) square enclosure (constant 

property) with two horizontal adiabatic walls and the right wall is heated at constant heat flux, 

where the left wall is cooled at constant temperature Tc. Initially (t=0), the fluid in the 

enclosure is stationary and the temperature of the fluid and vertical walls is kept at Tc. After 

wards (t , the vertically downward constant gravity is , and two cases are considered for 

the fluctuating part of acceleration: (case1),in the horizontal direction 

and the non-dimensional in the x- direction  

; (case2), in the vertical direction and the non-dimensional in 

the y-direction . Then a non-inertial frame of reference traveling 

with the enclosure is used and parameters b, and t are respectively the displacement 

amplitude, angular frequency and time. 

In order to facilitate the analysis, the following assumptions are made: 

1. Constant heat flux at the wall. 

2. The fluid is Newtonian, unsteady, and the flow is turbulent, Ra . (G. Barakos, E. 

Mitsoulis and D. Assimacopoulos,1994).  

3. The vibration velocity amplitude (b Ω) is not large, and the flow is assumed to be 

incompressible. 

4. fluid properties are constants and fluid density variations are neglected except in the 

buoyancy term (Boussinesq approximation). 

5. Two dimensional distribution of fluid flow and temperature and the gravity acts in the 

vertical direction. 

6. Viscous dissipation and radiation effect is neglected, and no heat generation inside 

enclosure.   

 

 

 
Fig.(1) Physical Model 

With these assumptions, the Reynolds equations for a Boussinesq incompressible fluid under 

unsteady state conditions. The basic conservation and governing time-dependent equations 

can be written in nondimensional form as follows: 

1. The continuity equation for the unsteady state and incompressible flow is given by: 
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2. The governing time-depended Navier-Stokes equations  two-dimensional, 

                     (2) 

 

 

 

 

4. The energy equation is: 

 

 
 

Turbulence modeling (Low Re k −ɛ turbulence model) 

Different turbulence models are used to predict the natural convection heat transfer inside 

enclosed cavity. One of the widely used models of turbulence is the 

 applied to enable it to cope with low Reynolds number flows. 

The wall damping function is applied to ensure that viscous stresses take over from turbulent 

Reynolds stresses at low Reynolds numbers and in the viscous sub-layer adjacent to solid 

walls Launder and Sharma (1974). (Sohail Anwar,2003) 

In the above equations all Reynolds stresses are incorporated into the diffusion terms using a 

turbulent viscosity equation at non-dimensional  

 
Where  is a constant and K and  are calculated from their transport equations 

5. The non-dimensional turbulence kinetic energy (K- equation) 

 

 

                                                                                                                  (6) 

6. The non-dimensional turbulence dissipation (ɛ- equation) 

The non-dimensional equation represents the rate of generation of turbulent kinetic energy 

due to mean velocity gradients  and  generation of turbulent kinetic due to buoyancy 

is: 

  

 
In addition, there are some extra terms, denoted by  equation to account for near wall 

behavior.  and  are wall damping functions which occurs when low Reynolds number 

turbulence models are used.  is the turbulent Prandtl number (  for ε Launder and 

Spalding . (E. Papanicolaou and V. Belessiotis, 2005). The values are empirical 

constants used in  as detailed in table (2). 
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                                                                                                             (10) 

 

 

 

 

 

 

 
Table (2) constants used  in low Re   

(  

The turbulent Reynolds number in terms of dimensionless variables is 

                                                                                                                                                          

Boundary and Initial Conditions: 

In this work, a uniform heat flux condition is imposed at the heated walls and in accordance 

with Fig. 1, the boundary conditions of the problem appear as follows : 

=0       

 

     

 
Y=0 and Y=l,   U=V=0, ∂θ/∂y=0                                                                                          (13)     

For the turbulence variables in  model the following values are specified at 

the wall: 

 
Where  is the normal wall distance of the first node. 

By using these dimensionless variables below the continuity, momentum, thermal energy 

turbulent kinetic energy and rate of energy dissipation equations become at the form : 

 

 

 

 
 

 

 

 

 

 

Cµ Cε1 Cε2 Cε3 σk σε σT  
0.09 1.44 1.92 tanh ǀV/Uǀ 1.0 1.3 0.9 1.0 



 
THE EFFECT OF VIBRATION  ON NATURAL CONVECTION                                        Adel Mahmood Salh                

HEAT TRANSFER IN AN ENCLOSED SQUARE CAVITY                                                 Baydaa Khalil Khudhair                                                                

  

 

 

 290 

The local heat transfer from the heated wall to the air stream depends on the temperature 

gradient at the cold or hot wall. The convective heat flux from the wall to the air stream can 

be expressed in terms of the local  as: 

 
For the purpose of generalizing the heat transfer results, the local Nusselt number is calculated 

by the following equation:   

 

Here  

The average Nusselt number on the heat surface is expressed as follows: 

 
Or  

                                                                                                                                           (20) 

The time-averaged Nusselt number per cycle is defined by 

 
In which  is a periodical time 

Such a model has also been used for solving two-dimensional problems . For a sampling of 

the defining equations used finite volume method . System of algebraic equations is solved by 

the sweep method implicitly by the linear Gaussian elimination scheme . For the 

approximation of the convective terms in the equations of motion and energy used hybrid 

scheme. Developed a computer program (FORTRAN 90) to obtain numerical results using the 

pressure - velocity coupling (algorithm SIMPLE).A non-uniform grid (81  81) mesh network 

was deployed with the implementation of grid stretching. Because of this crude conjugation 

and nonlinear equations for convergence procedure is required relaxation. Relaxation factors 

used for the components of velocity, temperature , pressure, turbulence kinetic energy and 

dissipation rate , which are, respectively , 0.3 , 0.5, 0.5, 0.7 and 0.7.Figure (2 )presents a flow 

chart for the present code. 

 

TESTING OF THE MODEL: 

To assess the validity of the numerical computations and the experimental results were 

obtained from (Adel M. Salh et al.  ,2014), of the time-averaged Nusselt number  which 

studied the effect of vertical vibration in cubic enclosure. Working fluid was air (Pr=0.71) 

with aspect ratio (A=1). At Rayleigh number Ra=7  and Ra=4 . Numerical results 

were compared with the vertical vibration at the same frequencies at each Rayleigh number. 

Figure (3A) (a and b) reveal the effect of vertical vibration for case II (ascending frequencies) 

and case III(descending frequencies) at Ra=7  . Figure (3B) (c and d) reveal the effect of 

vertical vibration for case II (ascending frequencies) and case III(descending frequencies) at 

Ra=4  . The agreement results between the two works were good. 

The validation of the present numerical results of the time histories for the streamlines and 

temperature contours were used to compare with the numerical results of (Ki Hyun Kim et al. 

,2001).The computational results of the vertical vibration from starting at  and 

Ra= are exemplified in figure (4) A and B.  
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RESULTS OF CALCULATIONS AND DISCUSSION  

In order to have insight of the cyclic variations in the flow and thermal fields caused by the 

vibration of the enclosure, a number of snapshots of the velocity and temperature distributions 

in a cycle for case I are shown in figures(5,6,7and8). The flow field is illustrated by plotting 

the velocity vectors, and the thermal field by plotting the isotherm. Figures (5and7) A,B,C 

reveal the time histories of flow and temperature contours .The effect of vibration on natural 

convection on vertical and horizontal direction respectively for the frequencies (2,4 and 8)Hz 

for the case I at Ra=7  . From figures (5-A) and (8-A), the thermovibrational convection is 

weak due to the low vibration Rayleigh number; therefore, the effect of vibration fluid flow is 

remarkable even for the low frequency situation. In figure (5and6) B,C, two consecutive 

vibration periods are combined as a period of fluid flow. It is clearly seen that the vibrational 

Rayleigh number increases, the flow tends to break up from the single loop into two loops. 

The isotherms increasing does not only gather densely near the higher and lower regions of 

the left and right walls, respectively, but also along the isotherms gather densely near the 

vertical walls as a result of increasing vibration frequency, and the thermovibrational 

convection is dominant. The flow intensity is also substantially increased at increased 

Rayleigh vibration number as a result of increasing vibration frequency at two amounts of 

Rayleigh number, the fluid flows mainly in the counterclockwise direction like a rotating flow 

around the core region. When the Rayleigh number increased to Ra=4  , the same 

behavior of flow and thermal characteristics are observed. Figures (7and8) show the 

variations in velocity and temperature distributions in case I for the two directions vibration in 

vertical and horizontal at the frequencies (3.6and9)Hz. In the cyclic process, it is found that 

the temperature distribution in the enclosure space is appreciably altered by the variation of 

the vibration for all frequencies. The thermal field experiences a remarkable change as the 

vibration frequency elevated. For a lower-frequency, the flow in the enclosure is driven 

mainly by the buoyancy. The fluid in the area adjacent to the hotter right wall moves upwards 

and that adjacent to the colder left wall moves downwards. Therefore, a flow recirculation is 

formed in the enclosure. The location of the center of the flow recirculation is not steady but 

varied with time. As the vibration frequency is increased to be 8Hz or 9Hz, the flow in the 

enclosure is dominated by the inertia effects from the movement of the vibration enclosure. 

When the direction of the vibration changed to horizontal direction, different flow and 

thermal characteristics are observed. Figure (6and8) show the variations in velocity and 

temperature distributions in the enclosure under horizontal vibration situation at case I. The 

dependence of the temperature distribution on the vibration frequency can be observed. A 

large flow recirculation is produced in the enclosure at low vibration frequency of fr=2Hz at 

Ra= 7   and vice versa at Ra=4  at high frequency fr=9Hz. The symmetric pattern was 

significantly shifted to an asymmetric pattern with a flow recirculation due to the enclosure 

vibration even at fr=2and3Hz. The flow recirculation moves vortices move up-and-down. The 

local density of the isotherms adjacent to vertical walls is lower at fr=2Hz than at fr=8Hz. this 

implies that the thermal boundary layers are thicker and hence the heat transfer rate on the 

vertical walls is lower at fr=2Hz at Ra= 7  . Again, as the vibration frequency is increased 

to be 4Hz, the flow recirculation is not visible. At Ra=4  the boundary layer thicker is 

increased at increased of vibration frequency and the heat transfer rate on the vertical walls is 

lower at fr=8Hz. As discussed, the (vertical and horizontal) vibration influence on the vertical 

and horizontal velocity components (VandU) distribution at the horizontal mid-plane for 

Ra=7  and 4  respectively.  There is a four set of figures illustrate the effect of 

vibration on the behavior of flow within the cavity in case I and case II. From the figures (9 

Aand B),(10 AandB), it will be noted the change in the direction on vibration from vertical to 

horizontal have a major influence on flow structure as well as the change in Rayleigh number 

.From these figures there is a deformation occurs when the directional of vibration was 
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changed from the vertical to horizontal direction, and there is acceleration of the fluid near the 

heated wall whereas a strong deceleration  near the cold wall. The recirculation zone is 

created by cold fluid which tends to descend with greater density than the hot fluid under the 

effect of directional vibration. A change in a local Nusselt number along the hot and cold 

walls within the cavity in case I is shown in figures (11AandB) at the vertical mid-plane for 

Ra= 7   and 4   respectively. Clearly NuH is generally increased at the vertical 

vibration more than the NuH horizontal at same case I. Heat transfer enhanced to about 30%, 

and the NuC on both vertical and horizontal vibration at Ra= 7   is the same. A less 

distinctive is visible in NuH and NuC at Ra=4   at directional vibration in vertical and 

horizontal for case I, heat transfer enhanced to about 16% at vertical than the horizontal 

vibration. To comparisons of the results of time-averaged Nusselt numbers  at stagnation 

(without vibration) with the horizontal and vertical vibration for case I at figures(12AandB) 

and (13AandB), reveal the effect of vibration at natural convection heat transfer in square 

cavity at Ra=7   and 4  respectively. In figure (12-A) at Ra= 7   and due to 

vertical vibration (case I) of the square cavity, the average Nusselt numbers vary periodically 

and are larger than that stationary state (without vibration motion) completely. At the 

vibrational motion for each frequency (2and4)Hz the time-average Nusselt numbers increased 

gradually. At frequency increases to8Hz, the time-averaged Nusselt numbers increased and 

closed to that fr= 4Hz to the through. In figure (12-B) at Ra= 7  and due to horizontal 

vibration (case I)  on the square cavity, the time-average Nusselt numbers vary periodically, 

and more the vibrational frequency is, the larger   becomes. At fr=2Hz, most of the average 

Nusselt numbers are smaller than that stationary state completely, and at fr=(4and8)Hz the 

average Nusselt numbers are close to each other and close to that stationary state to the 

through.At vibrational frequencies (3,6and9)Hz, as Rayleigh number increases to 4  , the 

effect of vibration motion in vertical direction (case I)  shown in figure(13-A), which is much 

larger than that indicated in the cases mentioned earlier and the time-average Nusselt number 

 begins to be larger than that stationary state. Since the higher Rayleigh number situation 

means the natural convection to be drastically, the vibrational motion then should be larger in 

order to lead the time-average Nusselt number of vibration to be more than that of stationary 

state. The time-average Nuselt numbers begin to be more than the stationary state, and the 

variations are closed to each other to the through at the frequencies (3and6)Hz. accompanying 

with the increase of Rayleigh number shown in figure(14-A), the values of fr=9Hz which 

cause the time-average Nusselt numbers to exceed those of the stationary state and become 

larger  the frequencies(3and6)Hz respectively. Due to horizontal vibration motion of the 

square cavity of frequencies (3,6and9)Hz shown in figure(13-B), (case I)  then for Ra=4 , 

the time average Nusselt numbers are further smaller than the stationary state at each 

frequency and not exceeded to that of stationary state finally.The comparison between the 

vertical and horizontal vibration for ascending frequencies caseII are shown in figure (14-A) 

at Ra= 7* . When the frequency is fr=2Hz, the time-average Nusselt numbers at vertical 

close to the horizontal at initial stage. Due to frequency increases to fr=4Hz, at vertical 

vibration, which the time-average Nusselt numbers begin to exceed that the horizontal 

vibration, as the frequency increases to fr=8Hz , the time-average Nusselt numbers returned to 

close to the horizontal vibrational motion. The variations of the time-averaged Nusselt 

numbers  at Ra= 7   for descending frequencies case III are shown in figure (14-B). As 

the frequency decreased gradually and close to that of vertical vibration finally, must of the 

average Nusselt number at vertical vibration motion are smaller than that horizontal vibration, 

oppositely, the case II for ascending frequencies. Similarly at Ra= 4   for case II for 

ascending frequencies(3,6and9)Hz, the comparison between the vertical and horizontal 
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vibrational motions are shown in figure(15-A). The variations of time-averaged Nusselt 

numbers  at vertical are larger than horizontal vibrational motion completely. For 

frequency (fr=3Hz) at initial stage, the average Nusselt number at vertical close to horizontal 

vibrational motion.  

The variations of the average Nusselt numbers   with time  at Ra= 4  for caseIII 

descending frequencies (9,6and3)Hz and comparison between the vertical and horizontal 

vibrational motions are shown in figure(15-B). This case completely opposite the case II and 

the average Nusselt numbers at vertical motion smaller than that horizontal motion. As a 

result, the interaction of both motions mentioned above leads the magnitude of time-average 

Nusselt number vary from small to large as the effect of vibrational frequency. From figures 

(14AandB), it is found that the mean value of the time-varying   is slightly increased by the 

vertical vibrational direction of the enclosure at caseII(ascending frequencies), as compared 

with that of the horizontal vibration of enclosure at Ra=7  . At the case III(descending 

frequencies) the mean value of the time-varying  is slightly increased by the horizontal 

vibrational direction of the enclosure, as compared with that of vertical vibration at the same 

case and same Rayleigh number. At the same cases (ascending case II and descending case 

III), as Ra number increases to 4   shown in figures (15AandB), it is noted that the mean 

value of  the time-varying   is much larger than that indicated at Ra=7  by the vertical 

vibrational direction of enclosure of caseII as compared with that of the horizontal vibrational 

direction. At the case III(descending frequencies) the mean value of the time-varying  is 

much larger increased by the horizontal vibrational direction of the enclosure, as compared 

with that of vertical vibration at the same case and same Rayleigh number. At Ra=7  , 

under vibratory conditions the boundary layer was either completely laminar or underwent 

transient from laminar to turbulent flow at some fixed distance up the hot and cold wall. In 

contrast at Ra=4 , the boundary layer under vibratory conditions indicated that a turbulent 

boundary layer existed over the entire surface of the plates in vicinity of frequencies (3and9) 

Hz. By increasing Rayleigh number from 7   to4 , the boundary layer will be thicker. 

The thickness will be different from vibrational frequency to another.       

 

CONCLUSIONS 

In this study, the effects of vibration on natural convection in square enclosure in two 

directions horizontal and in vertical are investigated numerically. the variations of 

frequency(2,4and8) Hz at Ra= 7   and (3,6and9)Hz at Ra=4  are considered with 

different cases. CaseI (reaches to steady state and then begins the effect of vibration at each 

frequency), caseII and caseIII(begin the effect of vibration from the transient at ascending and 

descending frequencies respectively). The mean conclusions could be summarized as follows: 

1. Results show that unsteady flow recirculation is formed and varied with time for the low-

frequency situation. Then, the thermal field experiences a remarkable change as the vibration 

frequency elevated.  

2. At case I , natural convection  heat transfer of a square enclosure subjected to a vibration 

motion in vertical direction under certain combination of frequency is possibly larger than that 

of stationary state at both Ra= 7   and Ra=4 .  

3. At case I, natural convection heat transfer of square enclosure subjected to a vibration 

motion in horizontal direction under certain combination of frequency is possibly smaller than 

that of stationary state for both Ra= 7   and Ra=4 .   

4. At case II (ascending frequency), the time-average Nusselt numbers    subjected to a 

vibration motion in vertical are larger than the horizontal at both Ra= 7  and Ra=4 .  

5.  4. At case III (descending frequency), the time-average Nusselt numbers    subjected to 

a vibration motion in horizontal are larger than the vertical at both Ra= 7  and Ra=4 .  
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Fig. (2) . Flow chart for present work  
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Fig. (3A). Comparison of the variation of the average Nusselt number for different time step 
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Fig. (4). Comparison of the Previous Work (Ki Hyun Kim et al. ,2001) at (A) and Present Results at 

(B), at vertical vibrational direction flow pattern (in the left box) and temperature fields (in the 

right box) are shown in each pair of the boxes, Ra = , ω=0.66. Time instants are(i) , 

(ii) ,(iii)400and(iv) =600. 
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Fig. (5). Flow pattern (in the left box) and temperature fields (in the right box) in vertical directional 

vibration are shown in each pair of the boxes, case I, Ra = . (A) , (B) , (C) 

. Dimensionless time instants are (i) ,, (ii) ,, (iii) ,and (iv) , 
after a steady state thermal the oscillation has been established. 



 
THE EFFECT OF VIBRATION  ON NATURAL CONVECTION                                        Adel Mahmood Salh                

HEAT TRANSFER IN AN ENCLOSED SQUARE CAVITY                                                 Baydaa Khalil Khudhair                                                                

  

 

 

 298 

(i)                                     (A)                                       (ii) 

 

 

 

 

 

 

                                  (iii)                                                                           (iv) 

 

 

 

 

 

 

 

 (i) (B) (ii) 

 

 

 

 

 

 

 (iii) (iv) 

 

 

 

 

 

 

 

(i)  (C)                                    (ii) 

 

 

 

 

 

 

                                 (iii)   (iv) 

 

 

 

 

 

 

 

 

                               (i)                                   (A)  (ii) 

 

 

Fig.(6). Flow pattern (in the left box) and temperature fields (in the right box) in horizontal directional 

vibration are shown in each pair of the boxes, case I, Ra = . (A) , (B) , (C) 

. Dimensionless time instants are (i) ,, (ii) ,, (iii) ,and (iv) , 
after a steady state thermal the oscillation has been established. 
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Fig. (7). Flow pattern (in the left box) and temperature fields (in the right box) in vertical 

directional vibration are shown in each pair of the boxes, case I, Ra = . (A)  

(B)  (C) . Dimensionless time instants are (i) , (ii)  (iii) 

 and (iv)  after a steady state thermal the oscillation has been established. 
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Fig. (8). Flow pattern (in the left box) and temperature fields (in the right box) in horizontal 

directional vibration are shown in each pair of the boxes, case I, Ra = . (A)  (B) 

 (C) . Dimensionless time instants are (i) , (ii)  (iii)  

and (iv)  after a steady state thermal the oscillation has been established. 
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Fig.(9 ) velocity distribution at mid plane 
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               (a) at vertical directional vibration,                   (b) at horizontal directional vibration, case I at                  

.                                                                                                                        Ra=7 107 

(A) 

(d) (c) 

 (c) at vertical directional vibration,                          (d) at horizontal directional vibration case I at Ra=4 108 

(B) 
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Fig.(10) velocity distribution at mid plane  

 

 

 

 

 

 

 

 

  

(a)Vertical vibration                                                              (b) horizontal vibration vibration case II at                                     

.                                                          Ra=4 107 

(a)  

Figure(10A  ) velocity distribution at mid plane (a) at vertical directional vibration, (b) at horizontal 

directional vibration case II at Ra=7 107 
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(a) at vertical directional vibration,                             (b) at horizontal directional vibration case I at Ra=7 107 

(A) 

  

 (c) at vertical directional vibration,                             (d) at horizontal directional vibration case I at Ra=4 108 

Fig.(11 ) local Nusselt number distributions on the hot and cold walls 

(B) 
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(a) vertical directional vibration                (b) horizontal directional vibration caseI at      

Ra=7  . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) at vertical directional vibration                              (b) at horizontal directional vibration                                                                           

caseI at Ra = . 

 

 

 

 

 

Fig.(12). Comparison of the variation of the average Nusselt number for different time step 

Fig.(13). Comparison of the variation of the average Nusselt number for different time step. 
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.case III at Ra =(b)                                                                           case II- (a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)caseII                                                                          (b) caseIII at Ra=  

 

 

 

 

 

 

 

 

 

 

Fig.(14). Comparison of the variation of the average Nusselt number between vertical and 

horizontal vibrational direction for different time step. 

Fig.(15). Comparison of the variation of the average Nusselt number between vertical and horizontal 

vibrational direction for different time step. 
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